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	 Postcopulatory sexual selection is prolonged in internally fertilizing species in 

which a female mates with multiple males throughout her lifetime. Sperm from rival 

males compete for fertilization opportunities, and females can bias sperm usage 

toward a certain male. Multiple studies have demonstrated that the female’s genotype, 

the male’s genotype, and female × male genotypic interactions all influence differential 

paternity proportion, but the genetic factors and mechanistic basis acting in the female 

remain largely elusive. A previous genome-wide association study of the female 

genotype’s role in influencing the proportion of first-male progeny (P1) across the 

Drosophila Genetic Reference Panel (DGRP) identified 33 top-associated candidate 

genes. My colleagues and I functionally tested these genes using ubiquitous, pan-

neuronal, and neuron-type specific gene knockdown, and identified eight genes that 

regulated P1 through different neurons and reproductive tract tissues. In particular, our 

results suggested the involvement of octopaminergic/tyraminergic Tdc2 neurons, 

proprioceptive pickpocket (ppk) neurons, and the female sperm storage organ 

spermathecae in regulating P1. Tdc2 neurons have critical functions in female 

reproduction and mediate the transition of unmated to mated state in the female 

reproductive tract. Further investigation showed that inhibiting Tdc2 neuronal activity in 



females increased P1. Control females exhibited bias for using second-male sperm to 

produce progeny, but the bias was suppressed when Tdc2 neurons were inhibited. 

Tdc2 neuronal activity was not required for other aspects of differential sperm handling. 

Taken together, these results contribute to our understanding of the mechanisms by 

which the female acts in postcopulatory sexual selection by identifying specific genes 

and tissues, and a physiological mechanism, that contribute to differential paternity 

proportions.
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CHAPTER 1 

Introduction 
1

	 


	 Sexual selection shapes the evolution of genes, molecules, signaling pathways, 

structures and behaviors related to reproduction. In anisogamous species, the two 

sexes typically employ divergent strategies to achieve reproductive fitness. Whereas 

males benefit from mating with multiple females and preventing or delaying previous 

mates from remating, females benefit from more careful selection of mates and 

balancing the energetic demands of somatic maintenance with reproduction. Being 

more selective of potential mates can mitigate some costs to her reproduction and 

longevity (Chapman et al. 1995; Wigby and Chapman 2005; Smith et al. 2017). Sexually 

antagonistic co-evolution can lead to each sex evolving counter-adaptations to the 

other sex’s adaptations. At the same time, cooperation between both sexes is crucial 

to achieve optimal fertility.


	 First described by Darwin, precopulatory sexual selection has been recognized 

and studied in diverse taxa for over a century (Darwin 1871). Precopulatory sexual 

selection acts on traits such as intrasexual competition and aggression, courtship 

displays, and female choice (Darwin 1871; Parker 2020). In polyandrous internally 

fertilizing species, sexual selection continues during and after copulation to further 

affect the parents’ representation in the next generation (Parker 1970). When sperm 

from different males temporally and spatially overlap in a female’s reproductive tract, 

 Part of the chapter is published as White, M. A.*, Chen, D. S.*, & Wolfner, M. F. (2021). She's 1

got nerve: roles of octopamine in insect female reproduction. Journal of neurogenetics, 35(3), 
132–153. https://doi.org/10.1080/01677063.2020.1868457 (* denotes equal contribution). 
Permission to reprint requested on 11/19/2021.
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the female can use a certain male’s sperm in a biased manner for fertilization (Eberhard 

1996; Firman et al. 2017), and for rival sperm to “compete” for fertilization (Parker 

1970). Such postcopulatory sexual selection (PCSS) can give rise to differential 

paternity proportion (Wigby et al. 2020), where the offspring’s paternity proportion 

deviates from an equal share amongst previous mates. In insects where females store 

sperm for an extended period of time, PCSS dynamics can continue well after 

copulation has ended.


	 Sperm competition and cryptic female choice are two aspects of PCSS. In its 

narrow sense, sperm competition is the direct competition of sperm and other 

ejaculate components from rival males in order to fertilize a female’s oocytes (Parker 

1970). It can be thought of as the postcopulatory equivalent of precopulatory male-

male competition (Parker 1970). However, at least in Drosophila melanogaster, there is 

little evidence of sperm from rival males directly battling each other, or of incoming 

ejaculate incapacitating or killing resident sperm (Snook and Hosken 2004; Manier et 

al. 2010). Instead, one male’s ejaculate can be protective of, or even bind to ejaculate 

components from rival males and increase their reproductive output (Holman 2009; 

Nguyen and Moehring 2018; Misra and Wolfner 2020). Such “cooperation” suggests 

the lack of a self-sperm recognition mechanism in D. melanogaster, and might function 

to delay female remating with the next male. On the other hand, analogous to 

precopulatory female choice, cryptic female choice (CFC) is broadly used to describe 

any postcopulatory female traits (morphological, biochemical, physiological, or 

behavioral) that can impact offspring paternity proportion consistently in favor of one 

male (Eberhard 1996, 2010). Due to complex postmating female-ejaculate and 
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ejaculate-ejaculate interactions, it is often difficult or inaccurate to attribute an evolved 

trait exclusively to sperm competition or CFC. Furthermore, there are also non-sperm 

competition and non-CFC postcopulatory mechanisms that bias paternity proportion, 

such as mate guarding (Parker 1974; Yamamura 1986; Yamamura and Tsuji 1989; Fryer 

et al. 1999).


Mechanisms of differential paternity proportion 

	 A few mechanisms that bias paternity proportion have been identified or 

proposed. The likelihood of remating and the interval between matings can directly 

impact the risk and intensity of PCSS. Components of the male seminal fluid, the 

corresponding female receptor(s), and downstream signaling pathways in females are 

all important for modulating remating (Chen et al. 1988; Liu and Kubli 2003; Peng et al. 

2005; Yapici et al. 2008; Häsemeyer et al. 2009; Yang et al. 2009; Rezával et al. 2012, 

2014; Feng et al. 2014; Wang et al. 2020b).


	 In D. melanogaster, the mechanism of sperm displacement and formation of the 

fertilization set (the set of sperm that is used for fertilizing eggs) has been elucidated 

through the use of fluorescently-labelled sperm (Manier et al. 2010). D. melanogaster 

females have two types of sperm storage organs (SSOs), a tubular seminal receptacle 

(SR) and the paired spermathecae (ST). Soon after the start of a remating, the female 

releases a small amount of sperm from the SR (Snook and Hosken 2004; Manier et al. 

2010). The male then transfers 4000-6000 sperm to the female (Gilbert 1981), which 

mixes with the resident sperm in the bursa and enters the SR to displace resident 

sperm. The mixing and displacement dynamics between the bursa and SR gradually 
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establish an equilibrium of sperm proportion between the two reproductive tract (RT) 

regions. In the ST, the incoming sperm “tops up” each ST to their storage capacity 

(Manier et al. 2010). As sperm displacement progresses, a mating plug coagulates in 

the female bursa soon after the start of mating (Avila et al. 2015c). The mating plug is a 

gelatinous mass composed of seminal fluid and probably female components (Avila et 

al. 2011). It facilitates sperm mixing, displacement, and storage, and physically and 

pheromonally prevents females from remating until the mating plug is ejected (Lung 

and Wolfner 2001; Bretman et al. 2010; Avila et al. 2015a; c; Laturney and Billeter 

2016). When the female ejects the mating plug along with any unstored sperm around 

0.5-6 hours after mating (Manier et al. 2010; Lüpold et al. 2013; Lee et al. 2015), she 

terminates sperm displacement. The ~400 sperm stored in the SR form the fertilization 

set (Parker 1984; Pitnick et al. 1999; Manier et al. 2010), and is usually numerically 

dominated by last-male sperm (Boorman and Parker 1976). Ejecting the mating plug 

prior to the bursa and SR reaching the sperm proportion equilibrium prevents incoming 

sperm from sufficiently displacing resident sperm, thereby offering resident sperm more 

advantage (Manier et al. 2010).


	 Sperm storage and usage patterns can also affect paternity proportion. Across 

the Drosophila lineage, some species use both SR and ST for storage and some use 

only one (Pitnick et al. 1999). Among species that use both types of SSOs, some use 

them unequally for different matings or with different contributions to fertilization 

(Manier et al. 2013a; b). For example, when a D. simulans female is mated to a 

conspecific male and a heterospecific D. mauritiana male in either order, she always 
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stores first-male sperm in the SR and second-male sperm in the ST, but adjusts the 

source of the fertilization set to favor conspecific sperm (Manier et al. 2013b).


	 The role of female RT secretions on influencing female-ejaculate and ejaculate-

ejaculate interactions are becoming better appreciated. In the leafcutter ant Atta 

columbica, the queen’s spermathecal secretions promote sperm survival by inhibiting 

specific seminal fluid components that compromise rival sperm’s viability (den Boer et 

al. 2010; Dosselli et al. 2019)]. In D. melanogaster, secretions from the main female RT 

exocrine glands, the ST and parovaria, are required for sperm motility and sperm entry 

into storage organs (Schnakenberg et al. 2011; Wolfner 2011; Sun and Spradling 2013). 

It is also conceivable that other aspects of the female RT, such as muscle contractions, 

pH and ionic concentrations might also influence sperm storage and paternity 

proportion.


	 Male traits such as the genitalia, sperm properties, and other non-sperm 

components of the ejaculate such as seminal fluid proteins and exosomes also evolve 

in response to PCSS and contribute to the male’s reproductive fitness (Avila et al. 2011; 

Corrigan et al. 2014; Lüpold et al. 2016; Simmons 2019; Wigby et al. 2020; House et al. 

2021). Sperm morphology, speed, number, and post-transfer modifications (such as 

sperm capacitation) can affect the chance that a male’s sperm enters storage, 

displaces resident sperm, and fertilizes eggs (Snook 2005; Simmons and Fitzpatrick 

2012; Fitzpatrick and Lüpold 2014). Some taxa also produce sterile sperm types 

(parasperm) in addition to fertile types (eusperm) in the same ejaculate (Pitnick et al. 

2009) to help capacitate eusperm, provide nutrition, disable resident sperm, or fill 

female SSOs and delaying female remating (Till-Bottraud et al. 2005; Pitnick et al. 
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2009; Parker 2020). A multivariate analysis on ejaculate traits of males from diverse 

genetic backgrounds finds that slower and/or longer sperm are better at displacing 

resident sperm and resisting displacement by incoming sperm (Lüpold et al. 2012). 

However, it is not yet clear if such an advantage translates into greater paternity share. 


Female × male interactions 

	 Female × male interactions contribute to PCSS and shape the complex 

evolutionary dynamics of reproductive genes (Howard et al. 2009). This is reflected in 

population genetic studies by the extensive female × male genotypic interactions on 

relative paternity proportion when the focal male is the first (P1) or second (P2) to mate 

(Clark and Begun 1998; Clark et al. 1999; Chow et al. 2010; Reinhart et al. 2015). The 

genotype of rival males also affect paternity proportion, sometimes exhibiting non-

transitivity (Bjork et al. 2007; Zhang et al. 2013). It has been proposed that such female 

× male × male genotypic interactions might help to maintain variation in a population 

(Clark et al. 2000; Clark 2002). Adding to the complexity is the possibility that different 

reproductive strategies might exist during the same individual’s lifetime, thereby 

favoring mates with different genetic backgrounds (Wigby et al. 2020). For example, 

females exhibit plasticity in their choosiness towards potential mates when unmated 

versus mated (Jennions and Petrie 2000; Kokko and Mappes 2005; Kohlmeier et al. 

2021), and males tailor ejaculate compositions depending on the mating status of their 

mates and perceived competition intensity (Wigby et al. 2009; Lupold et al. 2011; Sirot 

et al. 2011; Hopkins et al. 2019).
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Genes  

	 Identifying genes underlying differential paternity proportion has been a 

longstanding goal in the field, and the abundance of genetic and population genetic 

tools available in D. melanogaster has proven useful for many of such attempts. 

Association studies are commonly used to identify correlation between natural genetic 

variants and differential paternity proportion. For male genetic contributions, genome-

wide QTL mapping studies have demonstrated limited efficacy at identifying candidate 

genes (Hughes 1997; Hughes and Leips 2006), probably consistent with the polygenic 

nature of differential paternity proportion. However, candidate gene studies on specific 

seminal fluid proteins (Sfps; proteins secreted by the male accessory glands, 

ejaculatory bulb, ejaculatory duct, and seminal vesicles) and their alleles have 

uncovered significant effects (Clark et al. 1995; Fiumera et al. 2005, 2007; Wong et al. 

2008; Chow et al. 2010; Greenspan and Clark 2011; Zhang et al. 2013). A similar 

approach is also successful at identifying female contributions to paternity proportion 

(Giardina et al. 2011). Interestingly, a GWAS across 39 female genetic backgrounds 

from the Drosophila Genetic Reference Panel (DGRP) uncovers 33 genes that harbor 

variants associated with paternity proportion (Chow et al. 2013). These genes are 

enriched for expression in the nervous system and/or neural functions, lending direct 

support to females’ active roles in mediating PCSS (Arthur et al. 1998; Chow et al. 

2013). 


	 Functional studies complement association studies to establish causation. 

These studies typically follow an experimental design where each female is mated with 

two different males a few days apart. The expression of candidate genes are perturbed 
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in the female or either male to test their effect on the proportion of first-male progeny 

(P1) or second-male progeny (P2). To date, 33 genes have been validated to influence 

paternity proportion (Civetta and Ranz 2019). Those that act through males are 

involved in sperm morphology and motility (Pitnick et al. 2009; Pizzari and Parker 2009; 

Lüpold et al. 2016; Lu et al. 2018), storage, retention and release in females (Neubaum 

and Wolfner 1999a; Chapman et al. 2000; Avila et al. 2015a), and modulate female 

postmating responses (PMRs) such as elevated egg laying and refractoriness to 

remating (Clark et al. 1995; Avila et al. 2011). Functional studies on the female side 

remain limited, but a few neural genes and reproductive tract genes identified in the 

aforementioned GWAS are functionally validated to affect paternity proportion (Chow et 

al. 2013; Chen et al. 2019). It is worth noting that while candidate gene manipulation 

might produce strong phenotypes, natural variants might mediate PCSS in more 

nuanced ways (Civetta and Ranz 2019; Wigby et al. 2020). The abundance of SNP and 

indels found in non-coding regions or those that encode synonymous substitutions 

suggest that different alleles might affect the spatiotemporal dynamics of gene 

expression (Fiumera et al. 2007; Greenspan and Clark 2011; Chow et al. 2013). 


	 I highlight a few D. melanogaster genes below to illustrate the functional 

mechanisms by which paternity proportion can be modulated.


Sex peptide and Sex peptide receptor 

	 One strategy males can employ to enhance their reproductive fitness is to 

reduce the likelihood that females remate, and in the meantime elevate egg laying to 

maximize the number of progeny she produces before remating. Sex Peptide (SP) is a 

36-amino-acid peptide (Chen et al. 1988), and is one of the most well-characterized 
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Sfps in Drosophila. SP and its female receptor, Sex Peptide Receptor (SPR), mediate a 

suite of postmating responses in females, including elevated egg laying and 

refractoriness to remating (Chapman et al. 2003; Liu and Kubli 2003; Yapici et al. 2008). 

SP and SPR are both required for sperm release from SSOs (Avila et al. 2010, 2015b). 

SP-null males have higher P1, possibly due to sperm retention after the first mating 

allowing more first-male sperm to enter the second mating (Fricke et al. 2009; Avila et 

al. 2010). When the second male to mate, SP-null males have lower P2 than control 

males (Castillo and Moyle 2014). This discrepancy might suggest a tradeoff between 

different strategies to maximize paternity share. Genes encoding proteins involved in 

the pathway that facilitates SP binding to sperm to induce long-term PMR (Ravi Ram et 

al. 2007) may also affect differential paternity proportion (Castillo and Moyle 2014). 

SPR-null females also affect paternity proportion, but the direction of change depends 

on how soon females remate after the first mating (Smith et al. 2017). A population 

genetic study shows that allelic interactions between SP and SPR have large 

influences on P1 (Chow et al. 2010), suggesting that females are sensitive to SP alleles 

and may use this as a signal to modulate their own reproductive investment.


Abdominal-B 

	 The homeotic gene Abdominal-B (Abd-B) is expressed in the secondary cells of 

the male accessory gland, one of the male RT tissues that produce Sfps (Gligorov et al. 

2013; Leader et al. 2018). An enhancer in the iab-6 domain of Abd-B is required for 

secondary cell development and morphology. Mates of iab-6 deletion males have 

diminished long-term maintenance of the PMR, likely due to a defect in SP localization 

to the SR (Gligorov et al. 2013). Similar to SP-null males, iab-6 deletion males also have 
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higher P1 than control males, again suggesting that SP might be responsible for Abd-

B’s effect on PMR and differential paternity proportion (Fricke et al. 2009; Gligorov et al. 

2013).


Acp36DE  

	 Acp36DE encodes a large glycoprotein in the seminal fluid (Bertram et al. 1996). 

After being transferred to the female, it localizes in the anterior region of mating plug 

and in the lower oviduct directly anterior to the sperm storage organs (Bertram et al. 

1996). This localization persists until 3 hours after mating (Bertram et al. 1996), which 

coincides with active sperm storage (Bloch Qazi et al. 2003; Manier et al. 2010). 

Acp36DE induces uterine conformation changes, and might help corral sperm close to 

the opening of sperm storage organs (Bertram et al. 1996; Neubaum and Wolfner 

1999b; Avila and Wolfner 2009). Absence of Acp36DE from the ejaculate results in 

lower sperm storage, lower fertility, and lower P1 and P2 (Neubaum and Wolfner 

1999b; Chapman et al. 2000; Castillo and Moyle 2014). Males carrying different 

naturally occurring alleles of Acp36DE have significantly different P1 (Clark et al. 1995). 


Acp29AB 

	 Acp29AB is expressed in the male accessory gland and encodes a predicted 

lectin in the seminal fluid (Wolfner et al. 1997; Mueller et al. 2004; Wong et al. 2008). It 

localizes to the female ST within 45 minutes after the start of mating and enters the 

female’s hemolymph (Wong et al. 2008). Sperm from Acp29AB mutant males can enter 

into storage, but are rapidly lost within 4 days. Acp29AB males also have lower P1, but 

comparable P2, than control males (Wong et al. 2008). Studies on naturally occurring 

alleles of Acp29AB show that these alleles influence both P1 and P2 (Clark et al. 1995; 
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Fiumera et al. 2005). Acp29AB is also under positive selection between D. 

melanogaster and D. simulans (Aguadé 1999).


Neprilysin2 

	 Neprilysin2 (Nep2) encodes a secreted M13 class metalloprotease (Thomas et 

al. 2005; Sitnik et al. 2014). It is expressed in the brain, ventral nerve cord (VNC), 

Malpighian tubules, and RTs of both sexes (Sitnik et al. 2014), with especially high 

expression in the female ST (Leader et al. 2018). Perturbing Nep2 expression in males 

has little fertility effects on their mates; but in females, Nep2 expression in the CNS and 

the ST are required to induce egg laying. Nep2-null females also exhibit defects in 

retaining sperm, and release sperm more rapidly than controls. When mated with two 

males in succession, Nep2-null females decrease the first male’s paternity share (Sitnik 

et al. 2014). It is not yet clear what Nep2’s targets or sites of action might be.


Postcopulatory sexual selection and reproductive isolation 

	 Postcopulatory (and prezygotic) sexual selection also has the potential to fuel 

speciation by promoting reproductive isolation between closely related species. A 

female who has mated with both conspecific and heterospecific males produces 

mostly conspecific progeny, regardless of the mating order. This interspecific form of 

differential paternity proportion is known as conspecific sperm precedence (CSP; 

(Price 1997; Howard et al. 1998; Matsubayashi and Katakura 2009; Tyler et al. 2013)). 

The relative contribution of anatomical (e.g. genitalia structure), behavioral (e.g. 

copulation duration or mating plug ejection timing), biochemical (e.g. interactions 

between female reproductive tract secretions and ejaculate components), or 
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physiological (e.g. sperm storage, retention, and release) differences to interspecific 

incompatibility remains to be evaluated. 


	 With the identification of genes associated with intraspecific differential paternity 

proportion, we can begin to investigate their roles in interspecific matings. This 

approach can in turn shed light on mechanisms and the evolution of CSP. In a study 

examining intra- and interspecific paternity proportion between D. melanogaster and D. 

simulans males, the authors found that Acp36DE and CG9997 are involved in P2 in 

both cases (Castillo and Moyle 2014). Acp36DE is required for efficient sperm storage 

(Bertram et al. 1996; Neubaum and Wolfner 1999b), and CG9997 is required for SP 

binding to sperm and thereby inducing long-term PMRs (Ravi Ram et al. 2007). 

Interestingly, SP itself is required in intraspecific, but not interspecific, differential 

paternity proportion (Castillo and Moyle 2014). Another study taking the opposite 

approach found that two known CSP genes between D. simulans and D. mauritiana, 

CG14891 and CG6864, both affected intraspecific paternity proportion (P2) in D. 

melanogaster (Civetta and Finn 2014). Both studies suggest that CSP can evolve 

through the co-option of genes that mediate intraspecific paternity proportion. Future 

studies can ask if female genes involved in intraspecific paternity proportion may 

similarly influence CSP.


A potential mechanism for female mediation of postcopulatory sexual selection 

	 There is increasing awareness and appreciation in recent years of the female 

reproductive tract’s pivotal role in mediating PCSS, and developments in genetic, 

genomic, neurogenetic, biocheminal, and imaging technologies can greatly facilitate 
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investigations about its mechanistic and genetic basis. The octopaminergic/

tyraminergic Tdc2 neurons emerge as a strong candidate for female-mediated PCSS 

because they are important for both physiological and behavioral aspects of female 

reproduction, and regulate the transition from unmated to mated female states to 

induce PMR. The role of Tdc2 neurons have mostly been studied from the perspective 

of the main neuromodulator it produces, octopamine (OA). Next, I review the role of OA 

in female reproduction, with excerpts from White, Chen, and Wolfner’s review (White et 

al. 2021).


Octopamine and female reproduction 

	 OA is central to invertebrate physiology and behavior. Originally identified in the 

salivary glands of Octopus vulgaris (Erspamer and Boretti 1951), OA is abundant in 

invertebrates but exists only as a trace amine with limited functions in vertebrates 

(Orchard 1982; Evans 1985; Roeder 1999; Borowsky et al. 2001; Berry 2004). OA and 

norepinephrine are structurally and functionally similar, and they are commonly 

regarded as counterparts in invertebrates and vertebrates, respectively. OA acts as a 

neuromodulator to regulate female reproduction in insects (Orchard 1982; Roeder 

1999, 2005; Farooqui 2012). In other species and organs, it can also function as a 

neurotransmitter and neurohormone, and regulate feeding, sleep, locomotion, flight, 

learning, memory, and aggression (Roeder 2005, 2020; Farooqui 2012).


	 OA is synthesized from the amino acid tyrosine. The enzyme tyrosine 

decarboxylase (TDC) converts tyrosine to the biogenic amine tyramine (TA) by 

decarboxylation, and another enzyme, tyramine beta-hydroxylase (TBH), further 
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converts TA to OA through hydroxylation (Figure 1.1A). The Drosophila genome 

contains two TDC genes. Tdc1 is expressed in non-neural tissues and Tdc2 is 

expressed in the nervous system. The two genes share 52% nucleotide identity and 

47% amino acid identity, with Tdc2 likely being a more active enzyme than Tdc1 

(Monastirioti et al. 1996). Unlike the Tdc’s, Tbh is expressed almost exclusively in 

neural tissues (Monastirioti et al. 1996). This suggests that OA and TA are present in the 

nervous system, whereas non-neural tissues contain predominantly TA (Cole et al. 

2005). Recent single-cell RNA-seq studies reveal that in the Drosophila brain and VNC, 

most Tdc2 expressing neurons also express Tbh (Cocanougher et al.; Davie et al. 2018; 

Allen et al. 2020), although a high throughput fluorescence in situ hybridization (FISH) 

study shows limited Tdc2 and Tbh colocalization in the dorsal and posterior brain 

(Meissner et al. 2019).





Figure 1.1 | Octopamine biosynthetic pathway and classification of octopamine 
receptors.  
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(A) Tyrosine decarboxylase (TDC) converts tyrosine to tyramine by decarboxylation. 
Tyramine is hydroxylated by tyramine β-hydroxylase (TBH) to produce octopamine. (B) 
Classification of octopamine receptors based on schemes from Evans and Maqueira 
(2005), Farooqui (2012), Wu (2014), and Hana and Lange (2017). OA=octopamine, 
TA=Tyramine, cAMP=cyclic adenosine monophosphate, Ca2+=Calcium. 


	 OA’s effects on reproduction are mediated by the activity of OA neurons. The 

number of OA neurons range from ~100 in larger insects such as locusts (Locusta 

migratoria and Schistocerca gregaria) to ~40 in smaller insects such as Drosophila 

melanogaster (Roeder 2005; Farooqui 2012). In the Drosophila adult CNS, OA neurons 

are located throughout the brain and along the midline of the VNC (Monastirioti et al. 

1995; Sinakevitch and Strausfeld 2006; Busch et al. 2009; Sherer et al. 2020). In the 

rest of the body, OA neurons innervate the antennae, legs, wings, halteres, skeletal 

muscles, corpora allata, heart and the RT (Pauls et al. 2018). Approximately 70% of OA 

neurons in Drosophila adult brain and VNC also co-transmit the neurotransmitter 

glutamate (Rodríguez-Valentín et al. 2006; Sherer et al. 2020); some OA-glutamate 

neurons in the VNC are likely motor neurons.


	 OA exerts its effects by binding to receptors on target cells. Being a 

neurotransmitter, neuromodulator, and neurohormone, OA can interact with receptors 

both local to its site of release and far away depending on the specific physiological 

context. OA receptors comprise a family of rhodopsin-like G-protein coupled receptors 

(Brody and Cravchik 2000), each consisting of 7 transmembrane (TM) domains, an 

extracellular N-terminus, and a cytosolic C-terminus (Strader et al. 1995). OA receptors 

are metabotropic, relaying signals via secondary messengers determined by the type 

of G-protein bound to the C-terminus and third intracellular loop (Chuang et al. 1996; 
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Palczewski et al. 2000). There are three OA receptor classes: Octα1R, Octα2R, OctβR 

(Figure 1.1B) (Han et al. 1998; Maqueira et al. 2005; Balfanz et al. 2005; Evans and 

Maqueira 2005; Farooqui 2012; Qi et al. 2017). They are distinguished by their 

sequence similarity to either vertebrate α-adrenergic or β-adrenergic receptors (Evans 

and Maqueira 2005; Farooqui 2012), and the secondary messenger molecules they 

mobilize (Han et al. 1998; Grohmann et al. 2003; Maqueira et al. 2005; Balfanz et al. 

2005; Ohtani et al. 2006; Wu et al. 2014; Qi et al. 2017) (Table 1.1). These classes of OA 

receptors have been identified and functionally characterized in Drosophila 

melanogaster and many other insects (Table 1.1) (Grohmann et al. 2003; Bischof and 

Enan 2004; Ohtani et al. 2006; Chen et al. 2010; Verlinden et al. 2010; Wu et al. 2012, 

2014, 2017, 2019; Balfanz et al. 2014; Kastner et al. 2014; Li et al. 2016; Hana and 

Lange 2017b; Huang et al. 2018). There are also receptors for OA’s precursor molecule, 

TA, which are classified by their secondary messengers (Table 1.1) (Farooqui 2012). The 

diversity of OA receptor function highlights OA’s ability to precisely modulate 

physiology and behavior, as a tissue’s response to OA may be influenced by its 

complement of OA receptors. 


	 Here, we review OA’s function in unmated and mated female reproductive 

physiology, from oogenesis to ovulation and sperm storage, and to post-mating 

behavioral changes. We focus the review on D. melanogaster as OA’s functions in 

female reproduction are best characterized in this species.
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Table 1.1 | Octopamine (OA) receptors are expressed in female reproductive tract 
tissues of many insect species.  
A dot indicates an OA receptor gene is expressed in the specified tissue, a line 
indicates an OA receptor gene has low or no expression in the specified tissue, and 
gray indicates the expression pattern has not been tested.


 

Structure, Innervation and OA receptors of the female reproductive tract 

	 The typical insect female RT plan consists of two ovaries each composed of 

multiple egg-producing ovarioles. Ovarioles can be clustered together as in D. 

melanogaster (Miller 1950), or arranged evenly along the lateral oviducts as in stick 

insects and locusts (Figure 1.2A) (Lange 2009). Germline stem cells reside in a niche at 

the anterior tip of the ovariole, and egg development progresses down the ovariole 

length. Mature oocytes are ovulated into lateral oviducts, which meet posteriorly to 

form a common oviduct. 
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Figure 1.2 | Features of the insect female reproductive tract.  
(A) Diagram of the Drosophila melanogaster female reproductive tract (top) and the 
Locusta migratoria female reproductive tract (bottom). L. migratoria diagram based on 
(Lange 2009). D. melanogaster diagram based on (Miller 1950). (B) Locations of Tdc2+ 
dsx+ neurons and SPSNs in the D. melanogaster female reproductive tract and VNC. 
Circle depicts cell bodies and ‘v’ shapes depict innervations.


	 In the uterus (also known as bursa or genital chamber) eggs are fertilized by 

sperm maintained in SSOs. SSOs typically open into the uterus to optimize fertilization 

efficiency, but the number and morphology of SSOs varies across lineages. For 

example, D. melanogaster females have a tubular SR and a pair of ST (Bloch Qazi et al. 

2003), while L. migratoria females have a single tubular ST (Clark and Lange 2000). 
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SSOs in some lineages have secretory capacity and provide substrates that maintain 

sperm viability and promote female fertility (Davey 1985; Lay et al. 1999; Lange and da 

Silva 2007; Schnakenberg et al. 2011; Sun and Spradling 2013). Fertilized eggs are 

then passed through the genital opening onto substrate (Klowden 2013). The female 

RT of some lineages have other specialized secretory organs collectively referred to as 

accessory glands. In D. melanogaster, these accessory glands are also known as 

parovaria.


	 Structures of the female RT are surrounded by visceral muscle. Generally, each 

ovariole is surrounded by a muscular sheath (Cruickshank 1973; Akster and Smit 1977; 

Griffith and Lai-Fook 1986; Cook and Peterson 1989; Giorgi et al. 1990; dos Santos 

and Gregório 2002; Middleton et al. 2006; Sedra et al. 2015). In insects with clustered 

ovarioles, such as D. melanogaster, the ovarioles comprising each ovary are 

surrounded by an additional mesh-like layer of visceral muscle called the peritoneal 

sheath (Cook and Meola 1978; Cook and Peterson 1989; Giorgi et al. 1990; Middleton 

et al. 2006; Sedra et al. 2015). In D. melanogaster the oviducts are surrounded by a 

single layer of circular muscles (Middleton et al. 2006), and the SR and spermathecal 

ducts contain a helically coiled layer of muscle cells (among other cell types and 

structures) (Nonidez 1920; Blaney 1970; Filosi and Perotti 1975). The contractility of RT 

musculature can be regulated by neurotransmitters and neuromodulators released from 

neurons innervating the RT. 


	 The coordination of gamete movement with female mating status is made 

possible by neurons innervating the RT. OA neurons with cell bodies in the abdominal 

ganglion project to the RT through branches of the abdominal nerve trunk (Figure 1.2B) 
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(Monastirioti 2003; Middleton et al. 2006; Rodríguez-Valentín et al. 2006; Rezával et al. 

2014). They extensively innervate different regions of the RT and form type II 

neuromuscular junctions, which are typically associated with neurohormonal release 

(Middleton et al. 2006; Rodríguez-Valentín et al. 2006; Kapelnikov et al. 2008b; Atwood 

and Klose 2009; Avila et al. 2012). In D. melanogaster, approximately nine OA neurons 

that co-express the sex determination marker doublesex (dsx; henceforth Tdc2/dsx 

neurons) constitute this population of OA neurons. It is worth nothing that these Tdc2/

dsx neurons are sexually dimorphic, with males having only three Tdc2/dsx neurons 

(Rezával et al. 2014). Mating induces an increase in intracellular Ca2+ in Tdc2/dsx cell 

bodies and increases the electrical activity of these neurons (Yoshinari et al. 2020).


	 Many of OA’s effects on egg development and sperm movement are thought to 

be mediated via receptors on the female reproductive tract. This role appears to be 

well conserved, as homologs of D. melanogaster OA receptors, especially OAMB 

(Octα1R) and Octβ2R, have been found in the female RTs of several insects (Table 1.1). 

In D. melanogaster OAMB and Octβ2R expression has been detected in the ovary, 

oviduct, SR, ST, parovaria and uterus (Li et al. 2015; El-Kholy et al. 2015). Reproductive 

tract expression of the other Drosophila OctβR homologs, Octβ1R and Octβ3R, are 

less consistent. Neither is highly expressed in the D. melanogaster female RT (Li et al. 

2015; El-Kholy et al. 2015), but they can be found in the female RT of some other 

insects (Table 1.1). The presence of multiple OA receptors in different regions of the 

female RT indicates that OA has multiple functions within the RT. Additionally, OA 

receptors are commonly found in the insect CNS (Han et al. 1998; Verlinden et al. 2010; 

Sinakevitch et al. 2011; Lam et al. 2013; El-Kholy et al. 2015; Li et al. 2016; Wu et al. 
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2017; Hana and Lange 2017b), and may play a role in mediating reproductive 

behaviors (Zhou et al. 2012). 


	 The wealth of genetic tools available in D. melanogaster has enabled more finely 

detailed characterization of OA receptor expression patterns at the cellular level in the 

female RT and CNS. Transgenic GAL4 lines driving UAS-GFP under control of OAMB 

regulatory elements reveal high OAMB expression within the oviduct epithelial layer, 

mature follicle cells in the ovary, and escort cells of the germarium (Lee et al. 2009; 

Deady and Sun 2015; Yoshinari et al. 2020). In the brain, OAMB is expressed in the 

mushroom bodies, the part of the brain controlling olfactory learning and memory, the 

insulin producing cells of the pars intercerebralis, as well as the optic lobes (Han et al. 

1998; Crocker et al. 2010; Zhou et al. 2012; El-Kholy et al. 2015). Similar methods 

reveal high Octβ2R expression in the SR and lower portion of the uterus (Li et al. 2015; 

El-Kholy et al. 2015). Like OAMB, Octβ2R is also expressed in the mushroom bodies 

and pars intercerebralis (El-Kholy et al. 2015). Octβ3R and Octβ1R also show strong 

expression in the mushroom bodies, and in the antennal lobes and pars intercerebralis, 

respectively (El-Kholy et al. 2015). 


OA’s role in female reproductive physiology 

	 OA has multiple roles in insect female reproductive physiology. In insects, egg 

laying involves several steps (Bloch Qazi et al. 2003). First, viable mature oocytes must 

be produced in female ovaries. Next, mature oocytes must successfully exit the ovary 

and enter the oviducts during ovulation. Many studies in D. melanogaster have shown 

that OA plays a key role in modulating ovulation via follicle rupture (Deady and Sun 
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2015), and subsequent changes in female RT musculature contractility (Middleton et al. 

2006; Rodríguez-Valentín et al. 2006; Rubinstein and Wolfner 2013). After ovulation, the 

oocyte, along with sperm stored in the SSOs, must then be able to enter the uterus to 

facilitate fertilization. Here, OA coordinates the movement of both gametes (Bloch Qazi 

et al. 2003; Avila et al. 2012). After fertilization, eggs are oviposited onto a substrate.


Ovulation 

	 In D. melanogaster, both mated and unmated females are able to ovulate. Tbh 

mutant females are sterile due to defects in ovulation, causing accumulation of mature 

oocytes in their ovaries (Monastirioti et al. 1996; Monastirioti 2003). Sterility in these 

females can be rescued with OA feeding (Monastirioti et al. 1996; Cole et al. 2005). 

Additionally, simply injecting wild-type unmated females with OA is sufficient to induce 

ovulation (Meiselman et al. 2018). The OA required for ovulation comes from OA 

neurons innervating the reproductive tract. Silencing the female RT OA neurons causes 

egg retention (Rodríguez-Valentín et al. 2006), and expressing Tbh specifically in these 

neurons can rescue the sterility of Tbh mutant females (Monastirioti 2003). 


	 OA exerts its effects on ovulation via at least two OA receptors expressed in the 

female RT. Mutations in the α-adrenergic receptor OAMB cause female sterility due to 

egg retention (Lee et al. 2003, 2009). Knockdown of OAMB specifically in stage 14 

follicle cells reduces follicle rupture (Deady and Sun 2015), while expression of OAMB 

in the oviduct epithelium of OAMB mutant females rescues the sterility of these 

females (Lee et al. 2009). This indicates that OAMB has multiple functions in ovulation 

depending on its location. The β-adrenergic receptor Octβ2R is also needed for 
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ovulation, as Octβ2R mutant females also exhibit the typical decreased egg laying due 

to an ovulation defect (Lim et al. 2014; Li et al. 2015).


	 During ovulation, OA modulates two independent, but synergistic pathways: 

follicle rupture and modulation of reproductive tract musculature. Additionally, OA 

signaling in the oviduct epithelium may also play a role in ovulation. It is worth noting 

that OA is not the sole neuroactive molecule modulating ovulation. Glutamate, other 

biogenic amines, as well as various neuropeptides have been tested in a number of 

insects for their presence in the female RT and their effect on ovary and/or oviduct 

contraction (Table 1.2).  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Table 1.2 | Neuroactive molecules and their effects on contractility of muscles in 
the female reproductive tract.  
* denotes effect not linked to muscle activity.
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Follicle rupture 

	 During ovulation, the layer of somatic epithelial follicle cells surrounding the 

oocyte is enzymatically degraded, releasing the mature oocyte. OA and follicular 

OAMB are required for this process (Deady and Sun 2015), as Tbh and Tdc2 mutant 

females, as well as females with follicular knockdown of OAMB, exhibit reduced follicle 

rupture both in vivo and in vitro (Deady and Sun 2015). OA binding to OAMB on follicle 

cells causes a rise in intracellular calcium, activating matrix metalloproteinase 2 

(MMP2) and initiating follicle rupture (Deady and Sun 2015). The source of the OA 

required for follicle rupture is not known, but is likely the OA neurons innervating the 

base of the ovaries. 


Muscle contraction 

	 Follicle rupture alone does not promote successful ovulation, the oocyte must 

also be able to enter the oviducts, which requires changes in the contractility of RT 

musculature (Table 1.2). Indeed, in D. melanogaster, unmated female oviducts have 

greater muscle tonus and adopt a chiral loop conformation, which may prevent egg 

passage (Mattei et al. 2015). Muscle tonus decreases and the loop straightens after 

mating and the onset of egg laying (Rubinstein and Wolfner 2013; Mattei et al. 2015). 

OA acts to increase contraction of the ovaries (Middleton et al. 2006; Meiselman et al. 

2018) and inhibit contraction of the oviducts (Rodríguez-Valentín et al. 2006; Rubinstein 

and Wolfner 2013), the combined action of which might promote ovulation by 

facilitating egg movement from the ovaries to the lower RT (Figure 1.3).
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Figure 1.3 | Summary of octopamine functions within the Drosophila 
melanogaster female reproductive tract.  
Red lines on the ovary represent the peritoneal sheath musculature. Colored boxes on 
the sides illustrate signaling pathways in specific regions of the reproductive tract.


The oviduct epithelium  

	 In addition to its roles in follicle rupture, ovary contraction and oviduct muscle 

relaxation, there may also be a role for OA in the oviduct epithelium (Figure 1.3). OAMB 

mutant sterility can be rescued by expressing OAMB in the epithelial layer of the 

oviduct (Lee et al. 2009). Similarly, expressing Octβ2R in the oviduct epithelium of 

Octβ2R mutant females using an OAMB promoter driven GAL4 also rescues the 

Octβ2R ovulation defect (Lim et al. 2014), but it is unclear whether the rescue 

represents a restoration of endogenous function or a gain of function resulting from 

ectopic expression. 


	 The role of OA in the oviduct epithelium and the epithelium’s role in ovulation 

remain elusive, but it has been proposed that OA may serve to increase secretion into 

the oviduct lumen to aid in egg transport (Lee et al. 2009). Indeed, histology of the 
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oviduct epithelium reveals the presence of microvilli, and cellular structures associated 

with secretory activity (Kapelnikov et al. 2008b). In addition, there is also evidence that 

OA secretion may increase after mating (Kapelnikov et al. 2008b). Secretory activity in 

the female reproductive tract has previously been linked to ovulation and egg 

deposition (Schnakenberg et al. 2011; Sun and Spradling 2013). However, further 

research is needed to fully elucidate OA’s role in this tissue. 


Changes in OA signaling are essential for the female post-mating responses  

	 Reproduction-related OA signaling needs to be tightly controlled and sensitive 

to signals that indicate the transition from the unmated to the mated state. During 

mating, females receive sperm and a cocktail of Sfps. Though OA is essential for adult 

female reproductive physiology in unmated females regardless of age, it plays an even 

more crucial role in interacting with sperm and Sfps and regulating aspects of the 

female PMR. The PMR comprises a suite of physiological and behavioral changes that 

switch the female from a non-reproductive unmated state to a fecund mated state 

(Avila et al. 2011).


	 OA’s role in enhancing post-mating egg laying above basal, unmated levels has 

been extensively studied. OA increases germline stem cell number (Yoshinari et al. 

2020) and ovulation after mating. Sperm also becomes available after mating, and OA 

regulates the release of sperm from SSOs for fertilization. In addition to physiological 

changes, mated females undergo behavioral changes to optimize their reproductive 

output: they increase food intake and become less likely to remate. The interaction of 

OA signaling with male signals (Sfps) helps to further couple the energetically costly 
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PMR to the female’s mating status. Below, we detail OA’s effects on each of the 

reproductive processes, and discuss known interactions of OA signaling with Sfps and 

other molecules.


Regulation of OA signaling post-mating 

	 One way in which OA signaling may be modulated post-mating is through 

transcriptional regulation of OA pathway components and receptors. Many 

transcriptome studies in D. melanogaster (McGraw et al. 2004, 2008; Lawniczak and 

Begun 2004; Mack et al. 2006; Kapelnikov et al. 2008a; Innocenti and Morrow 2009; 

Prokupek et al. 2009; Parisi et al. 2010; Dalton et al. 2010; Gioti et al. 2012; Short and 

Lazzaro 2013; Zhou et al. 2014; Delbare et al. 2017; Fowler et al. 2019; Newell et al. 

2020) have shown that mating triggers extensive female transcriptional changes, but 

no study to date has identified an enrichment of gene ontology (GO) terms associated 

with OA. Nonetheless, the level of whole-body Tbh expression at 5-6 hr post-mating is 

correlated with female egg production on the first day after mating (Delbare et al. 

2017), suggesting that mating can change in OA-related gene expression.


	 Given the pleiotropic nature of OA’s role in reproduction and other non-

reproductive processes, tissue-specific studies might be more informative for 

assessing post-mating transcriptional regulation of OA in reproduction. In the D. 

melanogaster SR, Prokupek (Prokupek et al. 2009) found downregulation of Octβ2R 

and OAMB at both 3 and 6 hours after mating. In contrast, neither Mack (Mack et al. 

2006) nor Kapelnikov (Kapelnikov et al. 2008a) found mating-induced transcriptional 

regulation of OA-related genes in the lower female RT or the oviduct, respectively. 

These results indicate that response to OA in various regions of the female RT may be 
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differentially regulated. It is also likely that mating-induced changes in OA signaling are 

regulated through post-transcriptional means, such as vesicle release (Heifetz and 

Wolfner 2004).


	 Current evidence suggests that OA’s role in the PMR is regulated by increased 

activity of OA neurons within the female RT. After mating there is an increase in the 

number of type II neuromuscular junctions innervating the oviduct musculature 

(Kapelnikov et al. 2008b; Rubinstein and Wolfner 2013). Such synaptic outgrowth is 

generally in response to elevated synaptic activity (Budnik et al. 1990). Additionally, 

genetically encoded Ca2+ indicators, which report levels of neuronal activity, show a 

subset of OA neurons that innervate the female RT (likely the Tdc2/dsx neurons) are 

more active after mating (Yoshinari et al. 2020). Immunohistochemistry studies also 

show that the intensity of OA staining at female RT nerve terminals decreases at 

various locations and time points after mating, indicative of OA release (Heifetz et al. 

2014). Subsequent higher levels of OA release within the female RT after mating may 

facilitate elevated oogenesis, ovulation, sperm release, and other OA-associated 

aspects of the PMR. We next discuss the involvement of OA in PMRs in each of the 

female RT regions.


Oogenesis and the female’s post-mating response 

	 Egg production begins with the asymmetric division of germline stem cells 

(GSCs) within the germarium. After mating, the average number of GSCs increases as 

the result of elevated activity of Tdc2/dsx OA neurons innervating the ovary (Yoshinari 

et al. 2020). Activation of these neurons is sufficient to produce a GSC increase in 

unmated females (Yoshinari et al. 2020). These OA neurons respond to SP and SPR. 
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SPR is a GPCR expressed in SP sensory neurons (SPSNs), whose cell bodies are 

located on the uterus and arborize within the uterine lumen and innervate the common 

oviduct (Yapici et al. 2008; Häsemeyer et al. 2009; Yang et al. 2009). SPSNs project to 

the tip of the abdominal ganglion, where they are presynaptic to and physically interact 

with Tdc2/dsx neurons through inhibitory cholinergic signaling (Yoshinari et al. 2020). 

Mating silences SPSNs, and thereby activates Tdc2/dsx neurons (Yoshinari et al. 2020). 


Ovulation and the female’s post-mating response 

	 The post-mating rise in ovulation is partly spurred by increased OA signaling in 

the oviduct relaxing oviduct musculature. Whether increasing OA neuronal activity after 

mating enhances follicle rupture and ovary contraction has not yet been explored. OA 

release from lateral oviduct nerve terminals increases at 180 minutes post-mating, 

coinciding with the onset of elevated ovulation (Heifetz et al. 2014) and changes in 

oviduct conformation (Mattei et al. 2015). The male Sfp, ovulin, has been shown to 

modulate OA signaling in the female reproductive tract after mating to promote 

elevation of ovulation in the first 24 hours post-mating (Herndon and Wolfner 1995; 

Heifetz et al. 2000; Rubinstein and Wolfner 2013). Females mated to ovulin-null mutant 

males exhibit reduced ovulation and higher oviduct muscle tonus (Heifetz et al. 2000; 

Rubinstein and Wolfner 2013). It is likely that ovulin increases the activity of OA 

neurons, as ovulin stimulates an increase in the number of synaptic boutons from OA 

neurons onto the oviduct musculature after mating (Rubinstein and Wolfner 2013). How 

ovulin increases OA signaling is not known, but since ~10% of transferred ovulin enters 

the hemolymph after mating (Lung and Wolfner 1999), ovulin could be acting on local 

targets in the female RT, the CNS, or both. Nonetheless, since the lack of ovulin does 
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not fully abolish ovulation, additional pathways must also contribute to increasing OA 

signaling and ovulation after mating.


Sperm storage 

	 Females of many insect species store sperm for an extended period of time, 

from several days to years, or even decades in some hymenoptera species (Neubaum 

and Wolfner 1999a). Sperm storage temporally uncouples mating and progeny 

production, enabling extended fertility and efficient gamete usage. In the context of 

multiple mating, storage of various males’ sperm also promotes selective sperm use 

and differential paternity outcome. Sperm storage consists of three stages: 

accumulation of sperm into SSOs, maintenance of sperm within, and the regulated 

release of sperm from SSOs. To achieve optimal reproductive output and avoid gamete 

wastage, the timing of ovulation must be coordinated with sperm release. 


	 In D. melanogaster, the SR and ST are structurally and functionally distinct, with 

SR acting as the main SSO. Unmated females accumulate OA at nerve termini 

innervating the SR; by 90 minutes after mating, OA is released from these nerve termini 

to surrounding tissues, and this release continues until at least 180 minutes after 

mating (Heifetz et al. 2014). OA and other signaling molecules’ production and release 

are controlled dynamically after mating to exert combinatorial effects on sperm storage 

and other post-mating events (Heifetz et al. 2014).


	 By studying OA- and TA-less Tdc2 mutants and OA-less Tbh mutants, Avila et 

al. (2012) showed that although OA and TA are not required for sperm accumulation 

into storage, OA is required for efficient sperm release from the SR, and both 

neuromodulators are required for efficient sperm release from SR and ST (Avila et al. 
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2012). Loss of Tbh or Tdc2 results in sperm retention (Avila et al. 2012). It is worth 

noting that these sperm retention defects do not depend directly on ovulation, because 

a different egg-retention mutant (logjam) releases sperm faster than control females 

(Avila et al. 2012). Drosophila SSOs do not have sphincters at their openings (Filosi and 

Perotti 1975), suggesting that OA neurons might regulate sperm release not by precise 

control of sperm movements, but by modulating the musculature of SSOs, 

spermathecal duct rotations, production of secretions to promote sperm motility, or by 

regulating fluid movements (Bloch Qazi et al. 2003; Middleton et al. 2006; 

Schnakenberg et al. 2011; Sun and Spradling 2013).


	 The OA receptor OAMB is expressed in the parovaria and might act remotely to 

mediate sperm release from storage (Avila et al. 2012). The function of parovaria 

remains largely elusive, but their secretory roles suggest that OAMB might regulate 

sperm release by stimulating secretion in the parovaria, similar to its role in the oviduct 

epithelium. Future studies should also investigate the involvement of Octβ2R, which is 

expressed in the SSOs (Li et al. 2015; El-Kholy et al. 2015), in sperm storage.


	 Sperm storage also enables PCSS. In a multiple mating context, knocking down 

each of three genes (Rab2, para and Rim) in female ppk neurons (which includes 

SPSNs) affects the relative paternity outcome of her mates (Chen et al. 2019). Because 

these genes all serve neural functions, their knockdown likely impacts ppk neuron 

function, which in turn affects paternity outcome. Future studies can investigate if 

these and other female candidate genes might act through OA neurons to mediate 

PCSS. Sperm displacement and storage is complex and involves multiple steps after 

both matings (Manier et al. 2010). Given OA’s involvement in facilitating efficient sperm 
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release (Avila et al. 2012), perturbing OA neuron function might result in the abnormal 

retention of any male’s sperm. Future research is needed to elucidate the precise 

mechanism by which OA signaling exerts its effect on sperm use patterns and 

differential paternity outcome.


Behavior 

	 In female insects, the PMR also includes behavioral responses. One of the best 

characterized behavioral PMR is the change in their likelihood to remate (receptivity): 

unmated females are typically likely to mate, and after mating they become refractory 

to male courtship and mating attempts. In D. melanogaster, Tdc2/dsx neurons facilitate 

this PMR (Rezával et al. 2014). Thermogenetically activating Tdc2/dsx neurons in 

unmated females induces refractoriness, while silencing Tdc2/dsx neurons in mated 

females abolishes PMR and makes them likely to remate (Rezával et al. 2014). 

Interestingly, despite being regulated by the same Tdc2/dsx neurons, receptivity can be 

genetically uncoupled from egg production (Barnes et al. 2007). Indeed, an enhancer-

GAL4 line (VT7068) labels a subset of OA-like neurons that, when silenced, renders an 

unmated female refractory with no effect on egg laying (Feng et al. 2014). It will be 

intriguing to determine if subsets of OA neurons interact with different neuronal circuits 

and facilitate different aspects of PMR. In particular, with the female egg laying circuit 

and the receptivity circuit recently mapped out (Wang et al. 2020a), it opens the 

opportunity to explore OA’s involvement in each circuit and possibly facilitate any 

crosstalk or integration. Among male-derived signals, SP has been shown to be 

particularly important for reducing mated females’ likelihood to remate. However, while 
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SPSNs physically interact with Tdc2/dsx neurons to promote oogenesis, it is as yet 

unknown if they regulate receptivity by similar mechanism. 


	 In D. melanogaster other PMRs include changes in sleep, feeding, activity, 

memory, aggression, immune response and longevity (Reviewed in (Avila et al. 2011); 

see also (Scheunemann et al. 2019)), and OA signaling has been linked to a few of 

them. To accommodate the energetic demands of egg production, females increase 

starvation-induced food seeking (Yu et al. 2016) or protein deficiency-induced nutrient 

seeking after mating (Tian and Wang 2018), and OA signaling is required for an 

increase in yeast appetite but not salt appetite (Walker et al. 2015). Furthermore, OA is 

involved in regulating reproduction in response to infection (Kurz et al. 2017; Masuzzo 

et al. 2019). A subset of brain OA neurons that express an NF-κB pathway component 

are activated by bacterial peptidoglycan and reduce egg laying by inhibiting follicle 

rupture (Kurz et al. 2017). This OA neuron subset is not the Tdc2/dsx neurons 

mentioned above, and it is unknown how it regulates follicle rupture (Masuzzo et al. 

2019). Females also become more aggressive after mating (Ueda and Kidokoro 2002; 

Nilsen et al. 2004; Bath et al. 2017), fighting for more than twice as long as unmated 

females do (Bath et al. 2017). Although OA's role in regulating male aggression has 

been studied extensively (Andrews et al. 2014; Watanabe et al. 2017; Rillich et al. 

2019), its role in female aggression is yet to be elucidated. Future studies can dissect 

OA’s involvement in these PMR at the neuronal circuit level, and how they are 

modulated by mating status.
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Conclusions 

	 In this chapter, I have briefly outlined the known mechanisms of PCSS, 

highlighting the importance of female × male interactions in shaping the evolution of 

reproductive structures, cells, molecules, and genes in both sexes. Initial efforts to 

identify female genes and female × male interactions that affect differential paternity 

proportion have been successful, and encourage future research to further elucidate 

how different female tissues, such as the CNS and the RT, contribute to the evolution 

of PCSS. The octopaminergic/tyraminergic Tdc2 neurons represent a likely mechanism 

by which females may mediate PCSS. To this end, I have also discussed how OA 

regulates female reproduction, helps the female transition from an unmated to a mated 

state, and coordinates multiple aspects of female post-mating physiology and 

behavior. Given OA’s importance to female fertility, it is interesting that OA has co-

evolved with male Sfps to generate reproductive outcomes appropriate for the female’s 

mating status. Furthermore, OA’s modulation of reproductive processes is well-

conserved throughout insects, suggesting OA is critical throughout the evolution of 

insect reproduction. 


	 In Chapter 2 of the dissertation, my colleagues and I tested 26 of the 33 female 

candidate genes identified by Chow et al. that harbored polymorphisms associated 

with differential paternity proportion (2013), for whether they played roles in paternity 

proportion and PMR to identify the neurons and other tissues through which they 

acted. We found that eight of the 26 genes affected paternity proportion when knocked 

down by RNAi in specific female tissues tested. Five genes acted through the nervous 

system, with caup exerting its effects through Tdc2 neurons, and Rim exerting its 
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effects through ppk neurons. The Tdc2 neuron-specific knockdown of the proneural 

gene caup might affect the development and function of Tdc2 neurons, thereby 

affecting the paternity proportion. We also found another gene, CG32834, that was 

needed in the ST for a wild-type paternity proportion. This work significantly expands 

our understanding of the female genetic influences on paternity proportion. The results 

in Chapter 2 and previous reports of OA’s importance in sperm storage prompted me 

to further characterize how Tdc2 neurons, especially Tdc2/dsx neurons, mediates 

sperm mixing, displacement, storage, and usage in multiply-mated females.


	 In Chapter 3, I used Tdc2 mutant females and manipulated Tdc2 neuron activity 

to characterize how female fertility, paternity proportion and sperm handling and usage 

dynamics respond to such manipulations. I discovered that Tdc2 neuronal activity 

promoted biased usage of the second male’s sperm in control females, and inhibiting 

Tdc2 neurons caused sperm use in proportion to its presence in the SR. I also found 

that both inhibition and activation of Tdc2 neurons reduced fertility, suggesting that the 

level of OA/TA signaling is finetuned in wildtype females to reach optimal reproductive 

output. Finally, removing OA and TA or inhibiting Tdc2 neurons also caused sperm 

retention in doubly-mated females, although the relative sperm proportion was not 

affected. This sperm retention phenotype was not observed when only Tdc2/dsx 

neurons were inhibited, suggesting that OA neurons in the brain or VNC might be 

responsible for efficient sperm release from storage organs. 


	 Chapter 4 is a brief discussion of the results presented in Chapters 2 and 3. I 

conclude by highlighting some avenues for further research.
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	 These chapters are followed by 3 appendices, that describe 1) a summary of the 

biochemical and biological properties of the Sfp seminal metalloproteases-1, which 

cleaves other Sfps after being transferred to the female RT; 2) an ongoing project to 

uncover the genetic basis of mating plug ejection, a female postmating behavior with 

important implications for differential paternity proportion, using the DGRP; and 3) a 

description of the custom FIJI plugin I used in Chapter 3 to count fluorescent sperm 

heads in microscopy images.
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CHAPTER 2 

Female Genetic Contributions to Sperm Competition in Drosophila melanogaster 
2

Abstract 

	 In many species, sperm can remain viable in the reproductive tract of a female 

well beyond the typical interval to remating. This creates an opportunity for sperm from 

different males to compete for oocyte fertilization inside the female’s reproductive tract. 

In Drosophila melanogaster, sperm characteristics and seminal fluid content affect 

male success in sperm competition. On the other hand, although genome-wide 

association studies (GWAS) have demonstrated that female genotype plays a role in 

sperm competition outcome as well, the biochemical, sensory and physiological 

processes by which females detect and selectively use sperm from different males 

remain elusive. Here, we functionally tested 26 candidate genes implicated via a GWAS 

for their contribution to the female’s role in sperm competition, measured as changes in 

the relative success of the first male to mate (P1). Of these 26 candidates, we identified 

eight genes that affect P1 when knocked down in females, and showed that five of 

them do so when knocked down in the female nervous system. In particular, Rim 

knockdown in sensory pickpocket (ppk)+ neurons lowered P1, confirming previously 

published results, and a novel candidate, caup, lowered P1 when knocked down in 

octopaminergic Tdc2+ neurons. These results demonstrate that specific neurons in the 

female’s nervous system play a functional role in sperm competition and expand our 
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understanding of the genetic, neuronal and mechanistic basis of female responses to 

multiple matings. We propose that these neurons in females are used to sense and 

integrate signals from courtship or ejaculates, to modulate sperm competition outcome 

accordingly. 


Introduction 

	 Natural and sexual selection increase the frequencies of alleles that boost an 

organism’s reproductive success. Sexual selection acts on pre-copulatory traits, such 

as male courtship behavior and female mate choice, as well as on post-copulatory 

processes. Sperm competition is one of these post-copulatory processes. Across 

vertebrates and invertebrates, it can be beneficial for females to obtain multiple mates 

(Jennions and Petrie 2000). If multiple mating occurs at a high enough frequency, and/

or if sperm is stored long term, ejaculates from rival males will compete for oocyte 

fertilization (Parker 1970). This type of male-male post-copulatory sexual selection 

mediates the evolution of adaptations in males to mitigate the risk of sperm 

competition. One form of adaptation is to lower the chances of female remating with 

other males through transferring mating plugs (e.g. Parker 1970; Orr and Rutowski 

1991) or seminal fluid proteins (e.g. Chapman et al. 2003; Liu and Kubli 2003), since the 

last male to mate often sires most of a female’s progeny. If a female does remate, 

characteristics of sperm and seminal fluid proteins influence a male’s ability to 

compete with ejaculates from other males. Drosophila melanogaster has proven to be 

an especially informative model to study these male × male genotypic interactions. 

Generally, longer and slower sperm are better at withstanding displacement in D. 
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melanogaster (Lüpold et al. 2012). Genome-wide association studies (GWAS) further 

uncovered the genetic basis of male competitive ability. Besides genes encoding 

sperm components (Yeh et al. 2012), genes encoding seminal fluid proteins were 

discovered to play a role in sperm competition (Clark et al. 1995; Fiumera et al. 2005, 

2007; Greenspan and Clark 2011). These proteins have a variety of functions, such as 

inducing female refractoriness to remating, stimulating egg laying (e.g. Sex peptide; 

Chapman et al. 2003; Liu and Kubli 2003) and promoting sperm storage (e.g. Acp36DE; 

Neubaum and Wolfner 1999; Acp29AB; Wong et al. 2008; and Acp62F; Mueller et al. 

2008). Interestingly, many seminal fluid proteins evolve rapidly (reviewed in Swanson 

and Vacquier 2002), and some were found to be harmful to females (Civetta and Clark 

2000; Wigby and Chapman 2005; Mueller et al. 2007), suggesting that their evolution is 

mediated by sexual conflict: what makes a male a better competitor might actually be 

disadvantageous to females (Wigby and Chapman 2005; Hollis et al. 2019).


	 Although most studies of sperm competition focused on the role of the male, a 

number of studies have argued that females are not “passive vessels” in this process. 

Cryptic female choice, whereby a female selectively uses sperm from ejaculates she 

received from multiple males, has been proposed as a powerful mechanism for female 

contributions to sperm competition (Eberhard 1996). A classic example of such female 

contribution has been observed in junglefowl, in which females were seen to eject 

sperm from subdominant males after forced copulation (Pizzari and Birkhead 2000). 

Studies in D. melanogaster with standard male genotypes and varying female 

genotypes also illustrate that male success depends not only on his genotype and the 

genotype of his competitor, but also on the genotype of the female (Clark et al. 1999, 
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2000; Lawniczak and Begun 2005; Chow et al. 2010; Giardina et al. 2011; Zhang et al. 

2013; Lüpold et al. 2013; Reinhart et al. 2015). These three-way interactions have been 

suggested to be important for maintaining polymorphisms in populations (Clark et al. 

2000; Clark 2002). However, despite the observation that female genotype plays a role, 

it has been difficult to disentangle female control from female × male interactions, and 

to identify the genetic loci involved. Recent studies in Drosophila have begun to 

provide a way to dissect the female’s role in sperm competition, and to determine the 

genes and mechanisms that contribute to differences in sperm competition outcome. 

First, D. melanogaster males carrying sperm protamines labeled with GFP or RFP 

enabled direct observation of competing sperm inside the female reproductive tract 

(Manier et al. 2010) and measurements of heritable variation across female genotypes 

in sperm ejection, storage and displacement (Lüpold et al. 2013). Second, initial 

studies have been done of the female’s genetic makeup underlying variation in her 

contribution to sperm competition. Chow et al. (2013) identified SNPs whose presence 

in the female was associated with sperm competition outcome by performing sperm 

competition assays using two standard tester males and females from 39 DGRP lines, 

a panel of wild-derived inbred lines whose genome sequences are available (Mackay et 

al. 2012). They found variation in the proportion of first male offspring (P1) across 

DGRP females, and a GWAS revealed correlations between P1 and SNPs in or close to 

33 genes (Chow et al. 2013). However, roles for the majority of these genes in sperm 

competition were not known. Intriguingly, 15 of the 33 candidate genes identified by 

Chow et al. (2013) have expression biased to the nervous system or have known neural 

functions, encoding proteins such as ion channels, transcription factors involved in 
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proneural development, or proteins with roles in vesicle trafficking. Moreover, when 

Chow et al. (2013) knocked down 4 of the 33 candidate genes in female sensory 

pickpocket (ppk+) neurons, which are required for female postmating responses (Yapici 

et al. 2008; Häsemeyer et al. 2009; Yang et al. 2009; Rezával et al. 2012), they found 

that knockdown of 3 of these 4 candidates mediated changes in P1, demonstrating a 

direct role for the female nervous system in impacting the paternity share of each male 

(Chow et al. 2013). This result supported the hypothesis from Arthur et al. (1998) that 

the female nervous system might influence sperm competition, based on the 

observation that the female nervous system is required for proper sperm storage. The 

importance of the female nervous system in sperm competition is further supported by 

findings regarding sex peptide receptor (SPR; Chow et al. 2010) and Neprilysin 2 (Sitnik 

et al. 2014), which are two additional genes known to affect female contributions to 

sperm competition. This was determined in experiments that knocked down SPR or 

Neprilysin 2 in females ubiquitously, but both genes are known to be expressed in the 

female nervous system. 


	 Nevertheless, many questions remain to be answered regarding the female’s 

involvement in sperm competition. For example, the relative contributions of neuronal 

versus non-neuronal tissues to a female’s influence on sperm competition remain to be 

elucidated. In addition, we do not know if other neurons besides ppk+ neurons are 

involved. For example, the neuromodulator octopamine is required for sperm release 

from storage (Avila et al. 2012; Sitnik et al. 2014), and both octopamine and 

octopaminergic Tdc2+ neurons are required for ovulation (Monastirioti et al. 1996; 

Monastirioti 2003; Cole et al. 2005; Rubinstein and Wolfner 2013; Rezával et al. 2014) 
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and refractoriness to remating (Rezával et al. 2014), suggesting a potential role for 

octopamine and Tdc2+ neurons in sperm competition. Here, we aim at determining 

whether other candidate genes put forward by Chow et al. (2013) influence sperm 

competition, and whether or not most of them do this by acting through the female 

nervous system. We individually knocked down candidate genes using RNA 

interference (RNAi) in females, either ubiquitously or in the nervous system. 

Knockdown and control females were mated consecutively to two distinct tester males 

and we assessed the effect of knockdown on paternity ratios. Of 26 genes tested, 8 

genes were found to affect the ratio of offspring sired by each male, significantly 

expanding the number of genetic loci known in females to influence sperm 

competition. The majority of these genes (5 out of 8 genes) affected sperm competition 

outcome when knocked down in the female nervous system, and we identified a role 

for not only ppk+, but also Tdc2+ neurons in sperm competition. Our results provide 

functional evidence that further emphasizes the crucial role of the female nervous 

system in sperm competition. These results will allow detailed dissection of the 

mechanisms of cryptic female choice and sperm competition inside the female 

reproductive tract, and by extension effects of post-mating pre-zygotic sexual selection 

and sexual conflict. 


Materials and Methods 

Fly stocks and husbandry 

	 The UAS/GAL4 system (Brand and Perrimon 1993) was used to individually 

knock down candidate genes ubiquitously, pan-neuronally or in subsets of neurons in 
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the female nervous system. Driver lines used were: ubiquitous drivers Tubulin-GAL4/

TM3, Sb and Tubulin-GAL80ts; Tubulin-GAL4/TM3, Sb, nervous system-specific drivers 

nSyb-GAL4 (Hindle et al. 2013), ppk-GAL4 and Tdc2-GAL4 (Cole et al. 2005). UAS-

RNAi lines were ordered from the Vienna Drosophila Research Center (VDRC) for each 

candidate gene identified in a GWAS (Chow et al. 2013) with the following exceptions: 

CG34027, CG10858, RFeSP and sti (no VDRC lines were available for these genes), 

and CG13594 (the only available VDRC line has 94 predicted off-targets). VDRC IDs for 

all VDRC lines are available in Table S2.1. Lines were used from both the KK (attP 

background) and GD (w1118 background) RNAi libraries. Males used for the sperm 

competition assay had the cn bw or bwD genotypes. Males and virgin knockdown and 

control females were aged 3-7 days in single-sex vials before the start of each 

experiment.


	 Fly stocks were maintained at room temperature on standard yeast/glucose 

media on a 12 hr-light/dark cycle. When using Tubulin-GAL80ts; Tubulin-GAL4/TM3, 

Sb, crosses were set up at room temperature, and knockdown and control virgin 

females were aged at 29°C and maintained at 29°C throughout the sperm competition 

assay.  


Verification of knockdown level 

	 To verify knockdown level, UAS-RNAi lines were crossed to Tubulin-GAL4/TM3, 

Sb to generate Tubulin-GAL4>UAS-RNAi knockdown flies. Control flies were generated 

in one of two ways: 1) TM3, Sb; UAS-RNAi siblings obtained from the same crosses, or 

2) Tubulin-GAL4>w1118 or Tubulin-GAL4>attP flies generated by crossing Tubulin-

GAL4/TM3, Sb to w1118 or attP (for GD and KK lines, respectively). Age-matched TM3, 
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Sb; UAS-RNAi siblings or Tubulin-GAL4>w1118 or Tubulin-GAL4>attP flies were 

collected at the same time as knockdown flies and tested as controls. Five candidate 

genes did not yield viable Tubulin-GAL4>UAS-RNAi F1 progeny, suggesting that 

ubiquitous knockdown of the target gene was lethal and that the RNAi-mediated 

knockdown was successful at perturbing gene expression. For crosses that yielded 

viable Tubulin-GAL4>UAS-RNAi F1 progeny, RT-PCR was used to assess knockdown 

level of each UAS-RNAi line (methods described in Ravi Ram et al. 2006; Table S2.1). 

Briefly, total RNA was isolated from 10-20 knockdown and control females using TRIzol 

according to manufacturer’s instructions. RNA was Dnase treated (Promega) and cDNA 

was synthesized (Clontech). PCR was used to amplify genes of interest and a 

housekeeping gene (Actin5C or Rp49), and the results were analyzed on a 1-2% 

agarose gel using gel electrophoresis. Dilutions were made of cDNA from knockdown 

and control females to compare their relative levels of expression. 


Sperm competition experiments 

	 In each experiment, knockdown females were generated by crossing UAS-RNAi 

lines for each candidate gene to a GAL4 driver. To obtain control females with wild-type 

gene expression, flies from the appropriate background stock (attP or w1118) were 

crossed with flies from the same GAL4 driver. Control and knockdown females were 

mated to cn bw males in single pair matings on day 0 in vial 1. Copulations were 

observed. Males were removed after copulation ended and mated females were 

retained in the individual vials. In the evening of day 1, two bwD males were added to 

each vial and left with the female overnight. Both bwD males were removed in the 

morning of day 2, and each female was transferred to vial 2. Each female was 

68



transferred again every 48 hrs to vials 3, 4 and 5 (on days 4, 6 and 8, respectively). All 

females were discarded on day 10. Progeny from eggs laid in vials 1-5 were reared to 

adulthood and the paternity of F1 female progeny was scored based on eye color: 

female offspring of cn bw males had red eyes, and female offspring of bwD males had 

brown eyes. Male progeny were not scored because they were w, making it impossible 

to use eye color to assess their paternity. On average, each experiment consisted of 

71.8 ± 25.1 control females and 65.9 ± 24.3 knockdown females who had mated at 

least once (mean ± standard deviation). Of these females, 51.9 ± 21.7 control females 

and 46.9 ± 21.0 knockdown females in each experiment had mated with both males. 

Sample sizes for each experiment can be found in Table S2.2. 


	 Since each female is paired with two bwD males and left overnight for the 

second mating, there is a chance for multiple remating events to occur, which would 

affect sperm competition. Nonetheless, in a separate experiment, we found that 0 out 

of 275 mated females remated twice within a 16-hour period.


Statistical analysis of remating rate, fertility and P1  

	 Remating rate, fertility, and P1 of knockdown and control females were 

calculated based on the number of first- and second-male progeny. All statistical 

analyses were performed using base R (version 3.3.1; R Core Team 2016) and the 

packages lme4 (Cole et al. 2005; Bates et al. 2015), lmerTest (Kuznetsova et al. 2017) 

and emmeans (https://cran.r-project.org/web/packages/emmeans/index.html). 


	 Remating rate was calculated as the proportion of doubly-mated females among 

all females who mated with the first male. Differences between remating rates of 

knockdown and control females were compared using Fisher’s exact test. 
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	 Because we only scored eye color in female offspring, we used the total number 

of female progeny produced by each doubly-mated female (rather than all progeny) as 

a proxy for fertility. Females who had mated only once (with the first or the second 

male, but not both males) were excluded from the analysis because we found a 

significant study-wide difference between the fertility of singly-mated and doubly-

mated females (Figure S2.1). We compared fertility of control and knockdown females 

by fitting linear models, or linear mixed models for experiments with multiple replicates, 

and by performing an ANOVA. 


	 Finally, P1 was calculated for each doubly-mated female as the ratio of the 

number of female offspring sired by the first male vs. the total number of female 

offspring sired by either the first or second males in vials 2-5. Vial 1 was excluded from 

the calculation of P1 because both matings occurred in vial 1, and with this 

experimental setup, we were unable to determine how many offspring were sired 

before the second mating. However, the presence of first- and/or second-male progeny 

in all vials was used to determine whether a female had mated with both males. For the 

statistical analysis of P1, we arcsine square-root transformed P1 values before 

applying linear models, or linear mixed models for experiments with multiple replicates, 

to the transformed values. Temporal dynamics of P1 between control and knockdown 

females were compared using linear mixed models, with genotype and vial as fixed 

effects and individual females as a random effect. 


	 Since we analyzed 26 candidate genes using multiple GAL4 drivers, we 

performed a study-wide Benjamini Hochberg (Benjamini and Hochberg 1997) 

correction for multiple testing. This correction was performed on all nominal p-values 
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for the test of overall P1. For the temporal analysis, we obtained four p-values for each 

gene/driver combination tested (one for each vial). We performed an FDR analysis on 

p-values for each of these vials separately, across gene/driver combinations. 


Data availability statement 

	 All supplementary tables, figures, R scripts and progeny count data are available 

on figshare. Table S2.1 includes an overview of VDRC lines and primer sequences used 

for RT-PCR. Table S2.2 contains sample sizes, summary statistics and (adjusted) p-

values for tests of remating, fertility and overall P1. Table S2.3 contains nominal and 

adjusted p-values for P1 tests by vial.  


Results 

	 Chow et al. (2013) identified 33 top SNPs associated with sperm competition 

outcome in females. Not all of these SNPs were located within genes. Thus, to identify 

genes that directly affect sperm competition, we used RNAi to individually knock down 

genes that were put forward as candidates by Chow et al. We tested 26 of the 33 

candidate genes for their roles in influencing the female’s contribution to sperm 

competition, which we scored as P1, the proportion of first male progeny among total 

progeny after the second mating. Five of the genes that were identified by Chow et al. 

could not be tested because no suitable UAS-RNAi lines were available from the 

VDRC. RNAi lines for two additional genes, SK and CG33298, gave no detectable RNAi 

knockdown (Table S2.1), and thus, we were unable to assess these two genes’ role in 

sperm competition (Figure 2.1A). 

71



Figure 2.1 | Out of 26 candidate genes tested, ubiquitous or tissue-specific 
knockdown of eight genes affects sperm competition.  
(A) Overview of the candidate genes from Chow et al. (2013) that were tested using 
RNAi knockdown. (B-L) Sperm competition was measured as the proportion of 
offspring sired by the first male (P1) over the course of eight days. For all genes, 
controls were generated by crossing the appropriate background strain (attP or w1118) 
to the respective GAL4 driver line. Each dot represents overall P1 in vials 2-5 for an 
individual control or knockdown female. Significant differences in P1 between control 
and knockdown females were determined using linear models. Error bars represent the 
standard error of the mean. Asterisks (*) indicate p < 0.05 (*), p < 0.01 (**) or p < 0.001 
(***). (B-F) Changes in P1 mediated by ubiquitous knockdown (Tubulin-GAL4/TM3, Sb). 
(G-J) Changes in P1 mediated by pan-neuronal knockdown (nSyb-GAL4). (K and L) 
Changes in P1 mediated by Tdc2+ neuron- or ppk+ neuron-specific knockdown. 
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Candidate gene knockdown caused changes in remating rate and fertility. 

	 How readily females remate after the first mating and how fertile they are can 

influence the risk and intensity of sperm competition. Therefore, we assessed the effect 

of knocking down each of the 26 genes on remating rate and fertility. Of the 26 genes, 

ubiquitous knockdown of three genes (CG10962, CG33095 and Ddr) reduced female 

remating rate (Table 2.1, Figure S2.2). Reduced remating rate observed upon 

ubiquitous knockdown needs to be interpreted with caution, since ubiquitous 

knockdowns could directly affect female receptivity to remating, or could have 

detrimental effects on overall female health or development, making females simply 

less inclined to mate. Hence, we also analyzed the effects of neuronal knockdown on 

remating rate. Remating rate was reduced by Tdc2+ neuron-specific knockdown of 

Rab2 and ppk+ neuron-specific knockdown of para (Table 2.1, Figure S2.2). Finally, 

Tdc2+ and ppk+ neuron-specific knockdown of hid led to an increase in remating rate 

(Table 2.1, Figure S2.2). Since hid expression stimulates apoptosis (Grether et al. 1995), 

differences in the numbers or innervation patterns of Tdc2+ and ppk+ neurons might be 

responsible for this effect.
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Table 2.1 | Remating rate for control and knockdown (KD) females.  
Remating rate was calculated as the ratio of the number of females that mated with 
both males vs. the total number of females that mated with the first male. Differences 
between control and KD females were evaluated using a Fisher’s exact test. 


	 Female fertility was affected by many candidate gene knockdowns. Ubiquitous 

knockdown of 18 of the 26 genes reduced female fertility (Table 2.2, Figure S2.2). 

However, as mentioned above, these results could be either direct or indirect 

consequences of ubiquitous gene knockdown. Consistent with the latter hypothesis, 

we found that nervous system-specific knockdown of only 5 genes caused a decrease 

in female fertility (btsz, caup, Ddr, Rab2, Rim; Table 2.2, Figure S2.2). Specifically, Tdc2+ 

neuron-specific knockdown of Rab2 mediated a substantial decrease in both fertility 

and remating rate, to the extent that very few doubly mated females were retrieved for 

sperm competition experiments (only 8 out of 50 females remated). Because the 

knockdown was tissue specific, these results strongly suggest that Rab2 is essential 

for the proper functioning of Tdc2+ neurons, which are in turn known to be required for 

female remating and fecundity (Rezával et al. 2014). Interestingly, ubiquitous 

Genes Drivers Remating rate 
control

Remating 
rate KD

p-value

CG10962 
CG33095


Ddr

Tubulin 0.88

0.81

0.64

0.62

0.63

0.37

0.000

0.039

0.004

Rab2 Tdc2+ 0.60 0.21 0.000

para ppk+ 0.89 0.72 0.006

hid Tdc2+

ppk+

0.53

0.66

0.86

0.91

0.000

0.000
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knockdown of Zasp66 and ppk+ neuron-specific knockdown of hid significantly 

increased fertility (Table 2.2, Figure S2.2). 


Table 2.2 | Mean female fertility for control and knockdown (KD) females. 
Female fertility was calculated as the total number of female progeny produced by 
doubly mated females over the course of 10 days. Significant differences between 
control and KD females were evaluated using linear models. sd = standard deviation. 

Genes Drivers Mean fertility 
control (± sd)

Mean fertility 

KD (± sd)

p-value

Ddr ppk+

Tdc2+

nSyb

180.83 (35.11)

113.07 (20.22)

144.53 (29.71)

161.89 (34.81)

103.28 (22.98)

98.21 (32.63)

0.004

0.042

0.000

Rim Tdc2+ 204.57 (47.96) 181.50 (49.24) 0.035

Rab2 Tdc2+ 76.92 (21.09) 14.25 (8.75) 0.000

caup Tdc2+ 133.95 (28.69) 120.57 (22.99) 0.012

btsz nSyb

Tubulin

142.13 (31.65)

127.08 (21.89)

117.89 (52.73)

93.77 (28.61)

0.008

0.000

Zasp66 Tubulin 82.83 (17.18) 103.48 (25.79) 0.000

hid ppk+ 177.24 (50.46) 221.67 (41.59) 0.000

CG10962 
CG15800 
CG31872 
CG32532 
CG32834 
CG33095  
5-HT2B 

CG6163


sona 

Cyp313a2 
Msp300


Rbp6 

Shab 

sima 

spz5 

uif

Tubulin 91.28 (35.99)

113.92 (17.24)

142.21 (22.79)

144.13 (22.48)

113.92 (17.24)

128.31 (23.49)

139.20 (38.85)

128.31 (23.49)

142.16 (30.84)

135.10 (32.95)

91.28 (35.99)


119.46 (19.49)

139.20 (38.85)

139.20 (38.85)

135.10 (32.95)

142.16 (30.84)

61.58 (30.12)

90.60 (21.05)

117.15 (28.32)

91.46 (40.95)

100.37 (20.63)

102.55 (28.22)

72.72 (30.33)

113.97 (27.49)

109.07 (31.19)

125.90 (26.78)

56.27 (15.59)

94.39 (27.48)

113.98 (24.63)

108.46 (26.81)

111.24 (35.96)

97.57 (22.37)

0.000

0.000

0.000

0.000

0.002

0.000

0.000

0.007

0.000

0.014

0.000

0.000

0.000

0.000

0.000

0.000
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	 Although all 26 candidate genes were detected in a GWAS based on sperm 

competition outcomes, these results suggest that some of the genes also play roles in 

modulating other female reproductive traits. For the P1 measurements reported below, 

we found that candidate gene knockdown could affect P1 without affecting fertility 

(Figure S2.5G, H), but we also observed cases in which both P1 and fertility differed 

between control and knockdown females. If fertility was reduced, we observed cases 

in which the reduction impacted only one of the two males (e.g. Figure S2.5F), and 

cases in which it impacted both males, but one male more than the other (e.g. Figure 

S2.5A). Both of these scenarios could lead to a change in P1. 


Seven genes influence sperm competition outcome upon ubiquitous or pan-

neuronal knockdown in females 

	 Of the 26 candidate genes of interest, three (para, Rim and Rab2) were reported 

to affect P1 when knocked down in ppk+ neurons by Chow et al. (2013). For the 23 

remaining candidate genes, in an initial test we knocked down each candidate 

ubiquitously with Tubulin-GAL4. If constitutive ubiquitous knockdown was lethal, and/

or if the gene of interest had a known neural function, Tubulin-GAL4; Tubulin-GAL80ts 

or the pan-neuronal driver nSyb-GAL4 were used instead of Tubulin-GAL4. In cases 

where ubiquitous knockdown produced a significant effect on overall P1, we 

proceeded to knock down the gene pan-neuronally, with the exception of CG31872 

and CG32834. These two genes are not expressed in the nervous system, but are 

expressed in the female rectal pad and sperm storage organs, respectively (Leader et 

al. 2018). We hypothesize that the effects of knockdown on sperm competition 
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outcome may be due to the importance of these genes’ expression in the female 

reproductive tract or other non-neural tissues.    


	 Ubiquitous knockdown of five genes in females caused reduction of P1 (btsz, 

CG31872, CG32834, Ddr, Msp300; Figure 2.1B-F, Figure S2.2), attributable to fewer 

first male progeny and more second male progeny (CG31872 and CG32834, Figure 

S2.5B, C), fewer first and second male progeny (btsz, Msp300, Figure S2.5A, E), or 

fewer first male progeny but similar numbers of second male progeny relative to control 

females (Ddr, Figure S2.5D). The overall fertility of these knockdown females was also 

lower than that of control females for all five genes (Figure S2.2). 


	 Additionally, we found four genes whose pan-neuronal knockdown caused an 

increase (hid, Msp300) or decrease (btsz, caup) in P1 (Figure 2.1G-J, Figure S2.2). Pan-

neuronal knockdown of btsz reduced the number of first male progeny without 

affecting the number of second male progeny, leading to an overall reduction in fertility 

(Figure S2.5F). Pan-neuronal knockdown of caup and hid affected the relative 

proportions of first- and second-male progeny without influencing overall fertility 

(Figure S2.5G, H). Finally, Msp300 pan-neuronal knockdown females produced more 

first male progeny but similar numbers of second male progeny compared to control 

females, but the overall fertility difference between Msp300 knockdown and control 

females was not significant (Figure S2.5I). Intriguingly, ubiquitous knockdown of 

Msp300 lowered P1, while pan-neuronal knockdown increased P1 (Figure 2.1F, J, 

Figure S2.2). This suggests that ubiquitous knockdown of Msp300 could be 

detrimental to females’ health, or that Msp300 expression in different tissues has 
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distinct effects on sperm competition. Overall, we found 7 genes that had effects on 

sperm competition when knocked down ubiquitously or pan-neuronally in females. 


	 When analyzing P1 on a temporal, vial-by-vial basis, we found that at least two 

vials were significantly different between control and knockdown females for each of 

the genes that had an effect on overall P1 (Figure S2.4). Ddr, which affected overall P1 

upon ubiquitous knockdown only, also showed significant effects on P1 in vials 2 and 3 

with pan-neuronal knockdown (Figure S2.3F), suggesting some neuronal function for 

Ddr as well. Finally, five genes (sima, sona, spz5, CG33095 and Zasp66) did not change 

overall P1 when knocked down ubiquitously, but significantly affected P1 in at least 

one vial when ubiquitous knockdown was analyzed on a vial-by-vial basis (Figure 

S2.3A-E). This result could have several explanations. The products of these five genes 

might influence processes that are important for sperm competition at specific times 

after the second mating. Alternatively, these gene products or the processes they 

mediate might have small roles or are redundant players in sperm competition.  


Tdc2+ and ppk+ neurons play roles in sperm competition 

	 Informed by the results of the initial test, we further asked in which of the 

female’s neurons the products of btsz, caup, hid, Msp300 and Ddr act to modulate 

sperm competition. In particular, we assessed the functions of these five genes in 

octopaminergic Tdc2+ neurons and proprioceptive ppk+ neurons, which have been 

implicated in female responses to mating (Cole et al. 2005; Yapici et al. 2008; 

Häsemeyer et al. 2009; Yang et al. 2009; Avila et al. 2012; Rezával et al. 2012, 2014; 

Rubinstein and Wolfner 2013). In addition to the five neural genes we identified from 

the initial test, three other genes had been reported to modulate sperm competition 
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outcome through ppk+ neurons (para, Rab2, Rim; Chow et al. 2013). Therefore, in the 

secondary test, we assessed the effect of knocking down each of these eight genes in 

Tdc2+ neurons and ppk+ neurons.


	 Of these eight genes, caup was the only gene that affected P1 when knocked 

down in Tdc2+ neurons (Figure 2.1K). Knockdown females produced much fewer first 

male progeny and slightly more second male progeny than control females over the 

course of the assay, resulting in an overall reduction in fertility and a significant 

decrease in P1 in vials 2-5 (Figure S2.4, Figure S2.5J). hid, one of the genes that 

affected P1 when knocked down pan-neuronally, had no overall effect on P1 when 

knocked down in Tdc2+ neurons. However, on a vial by vial basis, P1 in vials 2 and 3 

was significantly higher, and in vial 5 significantly lower, in hid knockdown females 

relative to the P1 of controls (Figure S2.3G). This result suggests a weaker, but 

significant role for hid in Tdc2+ neurons on sperm competition outcome. Similarly, Rab2 

knockdown in Tdc2+ neurons mediated a significant increase in P1 only in vial 2 (Figure 

S2.3H). 


	 We also corroborated earlier findings and showed that ppk+ neuron-specific 

knockdown of Rim caused females to have a lower P1 (Figure 2.1L), specifically by 

reducing the number of first male progeny produced (Figure S2.5K). Temporal effects 

on P1 were observed for Ddr and hid knockdown in the ppk+ neurons, for which P1 

was lower in knockdown females compared to controls in vial 5 only (Figure S2.3I-J). 

None of the other genes affected P1 when knocked down in the ppk+ neurons. This 

included Rab2 and para, two genes that had been reported to affect P1 upon 

knockdown in ppk+ neurons by Chow et al. (2013). The previous study used a ppk-
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GAL4 driver generated in a different genetic background compared to the one used in 

our study, possibly explaining the discrepancy; alternatively, variable environmental 

factors could be the cause. 


Multiple testing correction 

	 We applied Benjamini Hochberg correction for multiple testing on i) the p-values 

obtained for measurements of overall P1 and ii) the p-values obtained for the analysis 

of temporal differences in P1. Out of 42 tests that were performed for overall P1, 11 

tests had a nominal p-value < 0.05 (eight unique genes). Ten of these tests had an 

adjusted p-value < 0.1 (Table S2.2; this set still includes the eight unique genes). At an 

FDR of 0.1, we expect 9 out of these 10 tests to be true positives. For the temporal 

analysis, we treated each vial as a separate phenotype and performed 42 tests on each 

of the 4 vials to analyze differences in P1 between control and knockdown females in 

each vial. Out of 168 tests, 44 had a nominal p-value < 0.05. Of these 44 tests, 31 had 

an adjusted p-value < 0.1 (Table S2.3). The only candidate gene that fell outside of the 

0.1 FDR cutoff for the temporal analysis was spz5. Of the 31 tests with an adjusted p-

value < 0.1, we expect around 28 to be true positives.  


Discussion 

	 A number of approaches have suggested that females play an active role in 

sperm competition (Arthur et al. 1998; Chow et al. 2010, 2013; Sitnik et al. 2014), but 

the underlying mechanisms and genetics still remain poorly understood. Our group 

previously showed that the knockdown of three genes in the female nervous system 

changed the relative paternity success of two males (Chow et al. 2013). Here, we 
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present eight genes that are important for the female’s involvement in sperm 

competition, including one gene reported in the previous study. We also show that the 

actions of five of these genes are required in the female nervous system, indicating a 

major role for the female nervous system in sperm competition. Further, we report that 

the ubiquitous or tissue-specific knockdown of six additional genes had time-specific 

effects on the outcome of sperm competition. Knockdown of 12 remaining candidate 

genes tested either had no detectable effect on sperm competition (perhaps another 

gene near the SNP is involved), or their role in sperm competition could not be 

identified given limitations of the RNAi method. Specifically, the SNPs were originally 

identified in DGRP lines, where their variation could have more subtle effects on the 

spatiotemporal dynamics of candidate gene expression. RNAi, however, reduces gene 

expression continuously in all tissues where the GAL4 driver is active.


	 Understanding the functions of the genes we found to be involved in sperm 

competition can shed light on the mechanisms by which females contribute to this 

process. In this section, we discuss the potential biological significance of the genes 

we identified, in terms of the mechanism through which they could influence sperm 

competition, and in terms of the evolutionary significance. 


	 From a mechanistic point of view, most of the genes we found to affect P1 upon 

neuronal knockdown act during development or facilitate basic neuronal processes: 

btsz is a synaptotagmin-like protein involved in membrane trafficking (Serano and 

Rubin 2003), caup is involved in neuronal development (Gómez-Skarmeta and Modolell 

1996), Msp300 has previously been found to play a role at the neuromuscular junction 

(Morel et al. 2014), the general function of Rim in the nervous system is to mediate 
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efficient neurotransmitter secretion (Graf et al. 2012; Müller et al. 2012) and hid 

stimulates apoptosis (Grether et al. 1995). Rab2 has a temporal effect on sperm 

competition upon Tdc2+ neuron-specific knockdown, and it encodes a GTPase 

involved in vesicle trafficking (Gaudet et al. 2011). We found that eight other genes 

affected sperm competition, overall or in specific vials, when knocked down 

ubiquitously. Of these eight genes, four have known functions in the nervous system or 

during development, and the other four are likely important in the female reproductive 

system. Ddr belongs to the family of receptor tyrosine kinases, but its exact function is 

unknown (Sopko and Perrimon 2013); spz5 is known for its function in the immune 

response, but is also involved in the development of the nervous system (Zhu et al. 

2008); Zasp66 plays a role in muscle development (Katzemich et al. 2013); and sona 

encodes a metallopeptidase and is involved in Wg signaling (Kim et al. 2016). Based on 

their functions and the effects of knockdown in the female nervous system, it is likely 

that the genes themselves are not directly involved in sperm competition. Rather, 

knockdown of these genes can impair the function or connectivity of the female 

nervous system, which could then directly influence sperm competition. Potentially, 

knockdown of other genes that are required for neuronal development or signaling, or 

experimental manipulation of neuronal activity, can affect sperm competition in a 

similar way. For the same reason, neuronal or tissue-specific knockdowns are more 

likely to have direct effects on sperm competition, while ubiquitous knockdowns could 

lead to more widespread problems in female physiology. 


	 Through which mechanisms can the female nervous system influence sperm 

competition? First, after mating, uterine conformational changes modulated by muscle 
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contractions are needed to store sperm (Adams and Wolfner 2007; Mattei et al. 2015), 

and sperm in storage needs to be maintained (Schnakenberg et al. 2012). At the same 

time, females are exposed to pheromones (Smith et al. 2017) and seminal fluid proteins 

like sex peptide (SP; Chapman et al. 2003; Liu and Kubli 2003). These molecules can 

affect her receptivity to remating and directly impact the risk and intensity of sperm 

competition. The later she remates, the higher the success of the first male. Once a 

female is doubly mated, the timing of sperm ejection after the second mating affects 

which sperm are stored and therefore contribute to the fertilization set (Manier et al. 

2010; Lüpold et al. 2013). The diuretic hormone 44 (Dh44)+ neural circuit controls 

sperm ejection (Lee et al. 2015). However, we previously found that the pan-neuronal 

knockdown of Dh44 did not influence sperm competition (White 2017). Finally, once 

sperm from both males is stored in female sperm storage organs, there is an equal 

chance for each sperm to be used, regardless of the male of origin, according to the 

fair raffle hypothesis (Parker et al. 1990; Manier et al. 2010).


	 It is conceivable that our nervous system-specific gene knockdowns impact 

neuronal signaling and consequently female physiology, behavior, or muscle 

contractions, allowing for any of these female-mediated aspects of sperm competition 

to be affected. Since these aspects of sperm competition are important at different 

time points after both matings take place (e.g. sperm ejection and displacement occur 

early after the second mating, while sperm maintenance and use continue over the 

course of multiple days), we expect that the knockdown of some candidate genes 

would affect sperm competition outcome only in some vials. We performed a P1 by vial 
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analysis to address this possibility, and we indeed identified candidates with such time-

specific effects.  


	 In line with the hypothesis that the female nervous system influences sperm 

competition, we identified a role for both sensory ppk+ neurons and octopaminergic 

Tdc2+ neurons in mediating sperm competition outcome. A population of sexually 

dimorphic Tdc2+ neurons located in the abdominal ganglion innervate the female 

reproductive tract extensively and regulate post-mating responses (PMR) including 

remating refractoriness and ovulation (Monastirioti et al. 1996; Rubinstein and Wolfner 

2013; Rezával et al. 2014). Innervation of Tdc2+ neurons in the female sperm storage 

organs (seminal receptacle and paired spermathecae; Avila et al. 2012, Rezával et al. 

2014) suggests that caup, hid or Rab2 might affect development or function of Tdc2+ 

neurons, which in turn could modulate sperm storage and sperm competition. In 

addition, sensory ppk+ neurons are also crucial for female PMR (Häsemeyer et al. 2009, 

Yang et al. 2009). The male seminal fluid protein SP binds to the SPR expressed in 

female ppk+ neurons to silence these neurons and elicit PMR (Yapici et al. 2008, 

Häsemeyer et al. 2009, Yang et al. 2009, Rezával et al. 2012, Lee et al. 2016). Both SP 

and SPR are known to influence sperm competition outcome (Chow et al. 2010, 

Castillo and Moyle 2014). Rim knockdown in the ppk+ neurons could affect these 

neurons’ signaling capabilities, thereby mediating a change in P1. SP and SPR silence 

the ppk+ neurons to induce increased egg production and lower remating rate. In this 

regard, it might be surprising that Rim knockdown does not mediate these PMR. 

However, all females in our experiments are mated and thus exposed to SP, so the 

effect of Rim knockdown in a mated female might not have extra effects on PMR in 
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addition to the ppk+ neuron-silencing effects SP already has. Finally, although the 

female reproductive tract is extensively innervated, seminal fluid proteins can also enter 

the female’s hemolymph (Monsma et al. 1990; Lung and Wolfner 1999; Ram and 

Wolfner 2005; Pilpel et al. 2008) and thus have the opportunity to directly interact with 

Tdc2+ or ppk+ neurons throughout the female body. 


	 Besides a role for the female nervous system in sperm competition, other 

tissues are likely involved as well. Two of the eight genes that affected overall P1 were 

only tested with ubiquitous knockdown. CG32834, a predicted serine-type 

endopeptidase, is spermathecae-specific (Leader et al. 2018). The spermathecae are 

long-term sperm storage organs whose secretions affect sperm motility (Schnakenberg 

et al. 2011), so CG32834 has the potential to affect sperm storage, maintenance or 

release from storage. In addition, a previous study found that CG32834 knockdown 

results in lower egg production and increased remating (Sirot et al. 2014a), in line with 

the results reported here. CG31872 is reported to be expressed in the female rectal 

pad (Leader et al. 2018), but it is not clear what its function is in female reproduction. In 

addition, two genes with temporal effects on P1 are also involved in female 

reproduction: sima plays a role in border cell migration in the ovary (Doronkin et al. 

2010), and CG33095, a gene with unknown function, is also expressed in the ovary 

(Leader et al. 2018). The roles of these genes in sperm competition can be further 

investigated in the future by testing tissue-specific knockdowns. 


	 The question remains whether the genes and neurons we identified are required 

to assess and respond to male and/or ejaculate quality and effect cryptic female 

choice, or whether they influence sperm competition independently of male genotype 
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and instead influence the paternity share based on male mating order. Across all 

tissues tested, six of the eight genes that affected sperm competition outcome when 

knocked down led to a decreased success for the first male. This suggests that in a 

wild-type situation, these genes, or the neurons in which they act, play a role in 

mediating a higher paternity success for the first male (P1) and a decreased success 

for the second male (P2). It is possible that, when these genes are knocked down, 

neuronal signaling in response to the first mating is impaired. This could lead to 

decreased storage of the first male’s sperm, increased loss or displacement of the first 

male’s sperm, or an incomplete switch from virgin to mated state. This could also 

explain the lower overall fertility that we often observed in knockdown females. A 

second mating, and a second exposure to mating signals, mechanical and/or 

molecular, might improve the response to mating, leading to a higher success for the 

second male. 


	 From an evolutionary point of view, since the candidate genes tested here were 

identified based on natural variation across the DGRP, where females from some 

isofemale lines naturally have a lower P1 when doubly mated to standard tester males 

(Chow et al. 2013), it is possible that there is natural variation in how strongly females 

respond to mating due to variation in neural development or differences in neural gene 

expression. All SNPs in the 33 candidate genes identified by Chow et al. (2013) are in 

noncoding regions or are synonymous substitutions, suggesting that they can indeed 

affect gene expression. Durham et al. measured variation in fecundity across young 

and aged DGRP females and identified associated candidate genes in a GWAS (2014). 

GO categories overrepresented in those GWAS results included categories associated 
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with neural development (Durham et al. 2014), and five of their candidate genes were 

also found in the GWAS from Chow et al. (2013) (Ddr, CG32834, sima, Rbp6 and 

CG15765). Genotype-specific differences in fecundity could exist because the optimal 

number and timing of egg production can be a source of sexual conflict: it is beneficial 

for males if a female produces many eggs shortly after mating (and before remating), 

while more reserved resource allocation can be beneficial for females (Sirot et al. 

2014b; Wensing and Fricke 2018). In addition, there might be selection in females for a 

higher P1 and a lower P2. P2, or the paternity share of the second male, is usually high 

(>50%) because of the mechanics of sperm displacement. It could be beneficial for 

females to counteract this process and to attempt to balance P1 and P2. Keeping a 

better balance in sperm from both males gives females the chance to maximize the 

genetic variation that can be passed on to her offspring. 


	 Finally, an outstanding question in research on sexual conflict is concerned with 

the interplay of male signals that act on the female’s nervous system to influence her 

physiology and behavior, and the female’s processing of and response to male cues 

(Schnakenberg et al. 2012). Our findings regarding sensory ppk+ neurons and Tdc2+ 

neurons, which include neurons innervating the female reproductive tract, form an 

important step in understanding the mechanistic and molecular basis of that interplay 

in sperm competition. 
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Supplementary figures 

Figure S2.1 | Doubly mated females have higher fertility than singly mated 
females.  
Fertility of each female was calculated as the total number of progeny she produced 
over the course of the sperm competition assay. Each dot represents the median 
fertility of all females used in one experiment, with females grouped by genotype 
(control and knockdown) and by the number of times they have mated. Error bars 
represent mean ± standard error. ANOVA revealed significant differences in fertility 
based on female mating status (F=34.959, p=1.93×10-8) and genotype (F=10.918, 
p=0.00117) but not their interaction (F=0.158, p=0.692). In a separate analysis, when 
we grouped singly mated females by the identity of the males they mated with (first 
male or second male), we found that there was no significant difference in the fertility of 
singly mated females depending on the identity of the male they mated with (data not 
shown). 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Figure S2.2 | Summary of the effects of ubiquitous and tissue-specific gene 
knockdown on female remating rate, fertility and P1.  
Each row represents one gene and each column represents one tissue in which the 
gene is knocked down. Remating rate was measured as the proportion of doubly 
mated females among females who mated with the first male. Fertility was measured 
as the total number of offspring produced by a doubly mated female. P1 was 
measured as the proportion of offspring sired by the first male (P1) upon ubiquitous 
(Tubulin-GAL4) or neuronal knockdown (nSyb-GAL4, Tdc2-GAL4, ppk-GAL4). Colors 
represent the direction of changes and their significance levels (C: control, KD: 
knockdown, ns: not significant, dark gray: not tested). Asterisks indicate p < 0.05 (*), p 
< 0.01 (**) or p < 0.001 (***). 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Figure S2.3 | Knockdown of eight candidate genes mediated temporal, but not 
overall, differences in P1.  
The line plots represent the average relative success of the first male to mate (P1), for 
knockdown and control females, across vials 2-5. Error bars represent the standard 
error of the mean. Asterisks (*) indicate p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***). (A-E) 
Significant temporal effects due to ubiquitous knockdown (Tubulin-GAL4). (F) Effects of 
pan-neuronal knockdown (nSyb-GAL4). (G-J) Changes in P1 mediated by Tdc2+ 
neuron- (G and H) or ppk+ neuron-specific knockdown (I and J).
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Figure S2.4 | Summary of temporal effects of ubiquitous and tissue-specific 
geneknockdown on P1.  
Each row represents one gene, each facet represents one tissue in which the gene is 
knocked down, and each column within each facet represents one vial (range 2-5). 
Colors represent the direction of changes and their significance levels (C: control, KD: 
knockdown, ns: not significant, dark gray: not tested). Asterisks (*) indicate p < 0.05 (*), 
p < 0.01 (**) or p < 0.001 (***).  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Figure S2.5 | Knockdown of 8 genes that affect sperm competition outcome upon 
ubiquitous or tissue-specific knockdown has different effects on absolute 
numbers of first- versus second-male progeny.  
Bar graphs represent the mean progeny count of knockdown and control females in 
vials 2-5, with colors indicating the paternity of their progeny (red: first male progeny; 
blue: second male progeny). Vial 1 was excluded in these graphs (and in the calculation 
of P1) because both matings took place in vial 1, and with our experimental setup, it 
was not possible to determine which progeny were produced before or after the 
second mating. Error bars represent mean ± standard error. 
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Supplementary tables 

Table S2.1 | Summary of candidate genes tested, VDRC lines used, the 
approximate level of gene knockdown relative to genetically matched controls, 
and primer sequences used for RT-PCR.  

Gene VDRC ID Approximate % of 
RNA knocked down Primer sequences

5-HT2B 
(CG42796) 11461 (GD) Lethal with Tubulin-GAL4/TM3, Sb

hid (W) 8269 (GD) Lethal with Tubulin-GAL4/TM3, Sb
Msp300 107183 (KK) Lethal with Tubulin-GAL4/TM3, Sb
para 104775 (KK) Lethal with Tubulin-GAL4/TM3, Sb
Rab2 105358 (KK) Lethal with Tubulin-GAL4/TM3, Sb

sona (CG9850) 107199 (KK) 99 F: TCCCTATCTGGAACGCAATC;

R: CCTTCTCCAGTCGCTTGTTC

CG31872 102669 (KK) 99 F: GGACACGCCCAAAATGATCTC; 

R: TCGTGGAAGGAGAAGTCCCA

Ddr 101831 (KK) 99 F: GAAATGCCAATCGGAACCTG; 

R: GCCTCCAGTACTCAATCACATAG

Rbp6 29799 (GD) 99 F: GACCAATCGGCACAGAGGTT; 

R: AGCATCACTTCCTTCGGCTG

sima 106504 (KK) 99

F1: CTGTTCGCTATTTGCCGACG; 

R1: GATCCGTCTCCGTTAGCAGG; 

F2: AGCTGTCTCCAGTCTTCGGA; 

R2: ACAACCTCTTACGCGGTGAC

spz5 102389 (KK) 99 F: CTGGATGTTTGTGGTCAACG; 

R: AACTGGGAAACCAGAACGTG

uif 101153 (KK) 99 F: CACCTATCAGCGCAACAAGA; 

R: ATAATTGCACTCCGGTACGC

Zasp66 102980 (KK) 97

F1: CATCCGGTGGCTATGAGGTG; 

R1: GCCTCAAGTAGGACTCTGTCG; 

F2: ACTATTGGCAATGCCCACGA; 

R2: ACTGCTGAGAGATCCCGACT

CG6163 22267 (GD) 95 F: CGACCCAGTGGTAGCTTCAG; 

R: CGCGTTTGCATAAGAGTCGG

btsz 102608 (KK) 90 F: TGTATCTACTGCCCGACAAATC; 

R: GGGTTCGCTGCGTTCTT

CG10962 106396 (KK) 90 F: GACACAGCGTTCGAGTGGAT; 

R: CGGGATTGATGCTCGTGGTC

CG32532 106534 (KK) 90

F1: CACGCTGGAGAAGTCGTCAT; 

R1: CCGGATAATGCGATTTGGCG; 

F2: AGTACCGCAAGCAGGAGAAA; 

R2: ATGGAGAACGGCTGAGTCAT

CG33095 38604 (GD) 90 F: GGAAATCTCACGGCTTCCCA; 

R: GGTGGCTTGTACTCTGCACT

Shab 102218 (KK) 90

F1: GGTAGACCAGGAAGGCAACC; 

R1: CGGATGAGGAGTACAGCGAC; 

F2: AAGGGCGGCCTTAACATAAT; 

R2: GCGTAAAGCCTAACGACTGC
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Table S2.2 | Summary statistics and sample sizes (n) for remating rate, fertility and 
P1.  
KD = knockdown; sd = standard deviation; TG4 = Tubulin-GAL4/TM3, Sb; TG80 = 
Tubulin-GAL80ts; Tubulin-GAL4/TM3, Sb. Q-values were obtained using Benjamini-
Hochberg correction. 


CG32264 101503 (KK) 80 F: GCTCATCGCCTCGTCGTTAT; 

R: CGAACCCAGGCTATTTGTGC

CG32834 100964 (KK) 80 F: TGGCATCTCGTACCTTACCC; 

R: CGAAGCGGTTGTATCCTCAT

Rim 39384 (GD) 50-90 F: GCAAAAAGCCCAATCAAAAA; 

R: CACGCCCATAAACACCTTCT

caup 105705 (KK) 50 F: CTCTAACGAACAGAACCCTTACC; 

R: TAGTTGGGTCCGTATCCGTAG

CG15800 110049 (KK) 50 F: CAGCAATGTCCTGCTGAAGA; 

R: GTAGAGCCAAGGGATGTCCA

CG15765 101194 (KK) 40

F1: TCACGCCAATCTAGTGACGG; 

R1: GACGCGAGTTCGACCACATA; 

F2: AACAGCAACAACACCAGCAG; 

R2: TTCACGCTTGTTGTCACCTC

Cyp313a2 110504 (KK)
Not determined due to 
low expression level in 
wildtype flies

F: GATCCAAAGATTGCCGAAAA; 

R: ATGGGAAGAAAGCTGAGCAA

CG33298 42776 (GD) 0

F1: CAACGCTTTCGCCTATCAGC; 

R1: GACTCTCGGCTTCGTAGAGC; 

F2: CGCCATCGGAGCTTGAAAAG; 

R2: TCGTCGTGGTCGTACTTGTG

SK 103985 (KK) 0 F: AAACACCTTCCATTGCGAAC; 

R: GTTTGTGTTTGGCCGAGTTT

Actin5C - Used as internal 
control

F: AGCGCGGTTACTCTTTCACCAC;

R: GTGGCCATCTCCTGCTCAAAGT

(Avila et al. 2015)

Rp49 - Used as internal 
control

F: CTGGTTTCCGGCAAGCTTCA;

R: GCCATTTGTGCGACAGCTTA
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Table S2.3 | Nominal p-values and Benjamini-Hochberg adjusted p-values by vial 
for the temporal analysis of P1, for all driver-gene combinations tested.  
TG4 = Tubulin-GAL4/TM3, Sb; TG80 = Tubulin-GAL80ts; Tubulin-GAL4/TM3, Sb.


Experiment Vial Nominal p-value BH adjusted p-value
nSyb.btsz v2 0.056216 0.236107
nSyb.caup v2 0.600829 0.700968
nSyb.CG15765 v2 0.862018 0.932417
nSyb.CG32264 v2 0.449704 0.633899
nSyb.Ddr v2 0.01923 0.10096
nSyb.hid v2 0.276994 0.539186
nSyb.btsz v5 0.006324 0.032411
ppk.btsz v2 0.152036 0.399094
ppk.caup v2 0.519115 0.652072
ppk.Ddr v2 0.543394 0.652072
ppk.hid v2 0.410676 0.633899
ppk.Msp300 v2 0.267658 0.539186
ppk.para v2 0.480405 0.650872
ppk.Rab2 v2 0.181155 0.44756
ppk.Rim v2 0.295042 0.539186
Tdc2.btsz v2 0.452785 0.633899
Tdc2.caup v2 0.031178 0.145499
Tdc2.Ddr v2 0.988271 0.988271
nSyb.caup v4 0.004026 0.033819
Tdc2.Msp300 v2 0.090762 0.272286
Tdc2.para v2 0.522656 0.652072
nSyb.caup v5 0.000573 0.004522
Tdc2.Rim v2 0.295269 0.539186
TG4.CG15800 v2 0.788927 0.895538
nSyb.hid v4 0.008255 0.049529
TG4.CG32532 v2 0.197429 0.460667
TG4.CG32834 v2 0.288081 0.539186
nSyb.hid v5 8.01E-05 0.001095
TG4.CG6163 v2 0.391885 0.633045
TG4.Ddr v2 0.361125 0.60669
nSyb.Msp300 v2 0.008563 0.062844
TG80.5-HT2B v2 0.066999 0.245506
TG80.btsz v2 0.070144 0.245506
TG80.CG10962 v2 0.088682 0.272286
TG80.Cyp313a2 v2 0.131691 0.368735
ppk.Ddr v5 0.013619 0.055838
TG80.Rbp6 v2 0.958224 0.981595
TG80.Shab v2 0.437816 0.633899
TG80.sima v2 0.903332 0.948498
TG80.sona v2 0.865816 0.932417
TG80.spz5 v2 0.543256 0.652072
TG80.uif v2 0.356801 0.60669
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nSyb.btsz v3 0.106713 0.344765
nSyb.caup v3 0.02342 0.140517
nSyb.CG15765 v3 0.893147 0.937804
nSyb.CG32264 v3 0.417036 0.648723
nSyb.Ddr v3 0.032917 0.153611
nSyb.hid v3 0.023389 0.140517
nSyb.Msp300 v3 0.032316 0.153611
ppk.btsz v3 0.492394 0.689352
ppk.caup v3 0.592309 0.731675
ppk.Ddr v3 0.326714 0.571749
ppk.hid v3 0.996213 0.996213
ppk.Msp300 v3 0.41582 0.648723
ppk.para v3 0.180153 0.378322
ppk.Rab2 v3 0.140607 0.378322
ppk.Rim v3 0.052474 0.220389
Tdc2.btsz v3 0.749831 0.851159
ppk.hid v5 0.000662 0.004522
Tdc2.Ddr v3 0.679038 0.792211
Tdc2.hid v3 0.023368 0.140517
Tdc2.Msp300 v3 0.514915 0.689622
Tdc2.para v3 0.488971 0.689352
Tdc2.Rab2 v3 0.079085 0.276797
Tdc2.Rim v3 0.579056 0.731675
TG4.CG15800 v3 0.246695 0.49339
Tdc2.caup v3 0.00854 0.089666
TG4.CG32532 v3 0.160232 0.378322
Tdc2.caup v4 0.003144 0.033017
TG4.CG33095 v3 0.165114 0.378322
TG4.CG6163 v3 0.525427 0.689622
TG4.Ddr v3 0.078856 0.276797
TG4.Zasp66 v3 0.164679 0.378322
TG80.5-HT2B v3 0.367986 0.618217
TG80.btsz v3 0.173796 0.378322
TG80.CG10962 v3 0.148738 0.378322
TG80.Cyp313a2 v3 0.786676 0.869484
Tdc2.caup v5 0.015052 0.056104
TG80.Rbp6 v3 0.840213 0.904844
TG80.Shab v3 0.456737 0.685106
TG80.sima v3 0.983455 0.996213
TG80.sona v3 0.301697 0.550925
TG80.spz5 v3 0.618741 0.742489
TG80.uif v3 0.271434 0.518191
nSyb.btsz v4 0.034329 0.147313
Tdc2.hid v2 0.000451 0.010994
nSyb.CG15765 v4 0.682076 0.865977
nSyb.CG32264 v4 0.328409 0.626963
nSyb.Ddr v4 0.286888 0.621703
Tdc2.Rab2 v2 0.001625 0.022752
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nSyb.Msp300 v4 0.09773 0.342055
ppk.btsz v4 0.630792 0.828443
ppk.caup v4 0.310851 0.621703
ppk.Ddr v4 0.44971 0.775233
ppk.hid v4 0.739598 0.887517
ppk.Msp300 v4 0.107663 0.347835
ppk.para v4 0.146918 0.411369
ppk.Rab2 v4 0.182808 0.479871
ppk.Rim v4 0.021361 0.112143
Tdc2.btsz v4 0.869076 0.91253
TG4.CG31872 v2 0.005482 0.057562
Tdc2.Ddr v4 0.946511 0.969597
Tdc2.hid v4 0.821889 0.908404
Tdc2.Msp300 v4 0.798251 0.906123
Tdc2.para v4 0.855981 0.91253
Tdc2.Rab2 v4 0.417683 0.762725
Tdc2.Rim v4 0.296459 0.621703
TG4.CG15800 v4 0.581303 0.828443
TG4.CG31872 v3 0.005679 0.079509
TG4.CG32532 v4 0.773552 0.902477
TG4.CG31872 v4 4.61E-05 0.001936
TG4.CG33095 v4 0.631195 0.828443
TG4.CG6163 v4 0.616565 0.828443
TG4.CG31872 v5 8.61E-06 0.000353
TG4.Zasp66 v4 0.049956 0.190739
TG80.5-HT2B v4 0.223335 0.521115
TG80.btsz v4 0.035074 0.147313
TG80.CG10962 v4 0.195004 0.481774
TG80.Cyp313a2 v4 0.497756 0.775233
TG80.Msp300 v4 0.588747 0.828443
TG80.Rbp6 v4 0.971609 0.971609
TG80.Shab v4 0.478832 0.775233
TG4.CG32834 v3 0.000293 0.012318
TG80.sona v4 0.701029 0.865977
TG80.spz5 v4 0.121078 0.363234
TG80.uif v4 0.498364 0.775233
TG4.CG32834 v4 0.000172 0.003602
TG4.CG32834 v5 0.000446 0.004522
nSyb.CG15765 v5 0.558184 0.847613
nSyb.CG32264 v5 0.648689 0.917112
nSyb.Ddr v5 0.828272 0.987695
TG4.CG33095 v2 0.014649 0.087892
nSyb.Msp300 v5 0.166771 0.34188
ppk.btsz v5 0.550503 0.847613
ppk.caup v5 0.794268 0.987695
TG4.Ddr v4 0.006566 0.045964
TG4.Ddr v5 0.003387 0.019839
ppk.Msp300 v5 0.469734 0.837351
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ppk.para v5 0.110546 0.26661
ppk.Rab2 v5 0.622057 0.910869
ppk.Rim v5 0.027149 0.085623
Tdc2.btsz v5 0.733465 0.984662
TG4.Zasp66 v2 0.008978 0.062844
Tdc2.Ddr v5 0.839129 0.987695
Tdc2.hid v5 0.046533 0.12719
Tdc2.Msp300 v5 0.991077 0.991077
Tdc2.para v5 0.927454 0.991077
Tdc2.Rab2 v5 0.134787 0.307014
Tdc2.Rim v5 0.524793 0.847613
TG4.CG15800 v5 0.990603 0.991077
TG80.btsz v5 0.012353 0.055838
TG4.CG32532 v5 0.954973 0.991077
TG80.Msp300 v2 0.000524 0.010994
TG4.CG33095 v5 0.845249 0.987695
TG4.CG6163 v5 0.404245 0.753365
TG80.Msp300 v3 0.002807 0.058944
TG4.Zasp66 v5 0.080246 0.205631
TG80.5-HT2B v5 0.222921 0.435227
TG80.sima v4 0.000397 0.005561
TG80.CG10962 v5 NA NA
TG80.Cyp313a2 v5 0.923362 0.991077
TG80.Msp300 v5 0.744501 0.984662
TG80.Rbp6 v5 0.532938 0.847613
TG80.Shab v5 0.867244 0.987695
TG80.sima v5 1.86E-05 0.000381
TG80.sona v5 0.017936 0.061281
TG80.spz5 v5 0.04547 0.12719
TG80.uif v5 0.161538 0.34188
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CHAPTER 3 

Octopaminergic/tyraminergic Tdc2 neurons regulate biased sperm usage in female 

Drosophila melanogaster 
3

Abstract 

	 In polyandrous internally fertilizing species, a multiply-mated female can use 

stored sperm from different males to fertilize her eggs in a biased manner. The female’s 

ability to assess sperm quality and compatibility is essential for her reproductive 

success, and represents an important aspect of postcopulatory sexual selection. In 

Drosophila melanogaster, previous studies demonstrated that the female nervous 

system plays an active role in influencing progeny paternity proportion, and suggested 

a role for octopaminergic/tyraminergic Tdc2 neurons in this process. Here, we report 

that inhibiting Tdc2 neuronal activity causes females to produce a higher-than-normal 

proportion of first-male progeny. This difference is not due to differences in sperm 

storage or release, but attributable to the suppression of second-male sperm usage 

bias that normally occurs in control females. We further show that a subset of Tdc2 

neurons innervating the female reproductive tract was largely responsible for the 

progeny proportion phenotype that was observed when Tdc2 neurons were inhibited 

globally. On the contrary, over-activation of Tdc2 neurons does not further affect sperm 

storage and release or progeny proportion. These results suggest that octopaminergic/

tyraminergic signaling allows a multiply-mated female to bias sperm usage, and 

identify a new role for the female nervous system in postcopulatory sexual selection.


 A later version of this chapter will be submitted for publication.3
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Introduction 

	 In the fruit fly Drosophila melanogaster, females typically mate multiple times 

with multiple mates throughout their lifetimes (Giardina et al. 2017), and store sperm in 

specialized sperm storage organs (SSO) for days to weeks (Neubaum and Wolfner 

1999; Bloch Qazi et al. 2003). Sperm storage in a multiply mated female enables 

postcopulatory sexual selection, where the female can bias sperm usage towards a 

certain male for fertilization (cryptic female choice), and for different males’ ejaculates 

to compete for eggs (sperm competition) (Parker 1970; Birkhead and Hunter 1990; 

Eberhard 1996; Birkhead and Møller 1998; Simmons 2002). Both phenomena can 

interact to give rise to differential paternity proportion, where each of a multiply-mated 

female’s previous mates enjoy a different paternity proportion. Experiments on 

differential paternity proportion typically use a double mating paradigm, and the 

proportion of progeny fathered by the first and second male are referred to as P1 and 

P2, respectively.

Sperm handling involves many steps in D. melanogaster, including sperm 

mixing, displacement, ejection, storage, and release. D. melanogaster females have 

two types of SSOs: the seminal receptacle (SR) and a pair of spermathecae (Sp). The 

SR stores the majority of sperm, and the sperm in the SR (but not the Sp) are used for 

fertilization (i.e. constitutes the “fertilization set”; (Lefevre and Jonsson 1962; Gilbert 

1981; Parker 1984; Neubaum and Wolfner 1999; Pitnick et al. 1999; Manier et al. 

2010)). Soon after the start of a second mating, females release a small amount of 

sperm from the SR into the bursa (Snook and Hosken 2004; Manier et al. 2010). The 

incoming sperm then mix with and displace resident stored sperm until they become 
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well mixed in the bursa and the SR (Manier et al. 2010, 2013). Between 0.5-6 hours 

after mating, females eject excess sperm along with the mating plug from their bursa, 

thereby terminating sperm mixing and displacement (Manier et al. 2010; Lüpold et al. 

2013; Lee et al. 2015). Factors that influence the paternity proportion in wild type 

double matings include 1) relatively longer and slower sperm are better at withstanding 

displacement (as resident sperm) and displacing resident sperm (as incoming sperm); 

2) the number of resident and incoming sperm at the time of the second mating; 3) 

ejection of mating plug before resident and incoming sperm become well mixed, 

thereby increasing P1 and decreasing P2 (Lüpold et al. 2012, 2013). Aside from sperm, 

several seminal fluid proteins also influence a male’s P1 or P2 (Clark et al. 1995; 

Chapman et al. 2000; Fiumera et al. 2005, 2007; Wong et al. 2008; Fricke et al. 2009; 

Avila et al. 2010; Chow et al. 2010; Greenspan and Clark 2011; Zhang et al. 2013; 

Castillo and Moyle 2014; Avila and Wolfner 2017).

Population genetic studies have demonstrated that the female genetic 

background influences the relative paternity proportions of her mates (Clark and Begun 

1998; Clark et al. 1999; Chow et al. 2010, 2013; Lüpold et al. 2013), but the genetic 

basis of such influence is largely unknown. A GWAS using females from the Drosophila 

Genetic Reference Panel (DGRP) identified 33 genes that harbor variants in mated 

females most strongly associated with P1, and these genes are enriched for nervous 

system expression and/or neural function (Chow et al. 2013). Further functional tests 

confirmed that eight candidate genes do indeed affect P1 when knocked down with 

RNAi in the female’s whole body, nervous system, or subsets of neurons. Of note, 

knocking down caupolican (caup), a gene that encodes a transcription factor involved 
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in development, in a female’s octopaminergic/tyraminergic (Tdc2) neurons reduces P1 

(Chen et al. 2019). We hypothesize that Tdc2 neuron-specific knockdown of caup 

affects the neurons’ development or function, thereby impacting P1. Further 

investigation was required to establish if and how Tdc2 neurons, and the biogenic 

amines octopamine (OA) and tyramine (TA), mediate postcopulatory sexual selection 

and affect paternity proportion.

OA and TA are synthesized from a tyrosine precursor. Tyrosine decarboxylase 

(Tdc) first converts tyrosine to TA, and tyramine β-hydroxylase (Tβh) then converts TA 

to OA (Figure 3.1A) (Monastirioti et al. 1996; Cole et al. 2005). Tdc2 neurons produce 

OA and TA, and are central to the induction of a suite of physiological and behavioral 

changes in females after mating, collectively known as postmating responses (PMRs). 

The PMRs known to be regulated by Tdc2 neurons include oogenesis, ovulation, egg 

laying, and refractoriness to remating (Monastirioti et al. 1996; Cole et al. 2005; 

Middleton et al. 2006; Rodríguez-Valentín et al. 2006; Rubinstein and Wolfner 2013; 

Rezával et al. 2014; Meiselman et al. 2018; Yoshinari et al. 2020). Using singly-mated 

Tβh and Tdc2 mutant females, Avila et al. showed that OA is also required for sperm 

release from the SR, and both OA and TA are required for efficient sperm release from 

both types of SSOs (Avila et al. 2012). There are fewer than 200 Tdc2 neurons in the 

brain and ventral nerve cord (VNC), innervating the adult central and peripheral nervous 

systems (Busch et al. 2009; Schneider et al. 2012; Pauls et al. 2018). In particular, a 

subset of approximately nine Tdc2 neurons that co-express the sex determination 

gene doublesex (dsx) innervate the female RT and mediate PMRs (Rezával et al. 2014). 
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These neurons’ cell bodies are located in the abdominal ganglion of the VNC, and they 

send innervations throughout the female RT (Rezával et al. 2014; Yoshinari et al. 2020). 

Because of OA and TA’s involvement in sperm release after a single mating, in 

this study, we ask if these molecules, as well as Tdc2 neurons, are also important for 

differential sperm usage, affecting paternity proportion after two matings. We first 

report that, similar to singly-mated Tdc2 mutant females, doubly-mated Tdc2 mutant 

females also exhibit sperm retention. We also show that inhibiting Tdc2 neuronal 

activity in females increases P1 not by affecting the relative sperm proportion in 

storage, but by suppressing the females’ biased usage of the second male’s sperm. 

The P1-increasing effect persists even when the female is first mated to a 

heterospecific D. simulans male. We further show that the Tdc2/dsx neurons 

innervating the female RT are largely responsible for the P1 difference. In contrast, 

experimentally activating Tdc2 neurons has limited effects on the progeny paternity 

proportion or sperm proportion in storage. Our results demonstrate a new mechanism 

by which the female nervous system can mediate postcopulatory sexual selection.

Materials and Methods 

Fly stocks and husbandry

Fly stocks and crosses were maintained on standard glucose-yeast-agar food 

on a 12-hour light/dark cycle at 22°C, with the exception of Tdc2>dTrpA1 experiments. 

In these experiments, all female flies assayed developed and aged at 18°C until the 

start of the experiment (Rezával et al. 2014). All flies were collected in single-sex vials 

soon after eclosion and aged 3-5 days until the start of the experiment. 
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The stocks we used were Canton S (CS), Tdc2RO54/Gla (Cole et al. 2005), 

Df(2R)42/SM5 (BDSC line 3367), TβhnM18/FM7 (Monastirioti et al. 1996), Tdc2-GAL4 

(BDSC line 9313; (Cole et al. 2005)), dsxFLP (gift from the Goodwin Lab (Rezával et al. 

2014)), UAS-TNT (BDSC line 28838, gift from the Goodwin Lab (Sweeney et al. 1995)), 

UAS-dTrpA1 (BDSC line 26263 (Hamada et al. 2008)), UAS>stop>TNT (gift from the 

Goodwin Lab), LHm Ubnls-EGFP ProtB-GFP (referred to as ProtB-GFP; gift from the 

Pitnick lab (Manier et al. 2010)), LHm ProtB-DsRed-monomer (referred to as ProtB-

RFP; gift from the Pitnick lab (Manier et al. 2010)) and D. simulans ppk23-/- (gift from the 

Ruta lab (Seeholzer et al. 2018)). 


Mating latency, copulation duration, and mating plug ejection time

Females were mated to CS males in pairwise matings. For each pair, we 

recorded the time when both flies were introduced into the same vial (tintro), copulation 

start time (tstart), and copulation end time (tend). Mating latency was calculated as tstart - 

tintro, and copulation duration was calculated as tend - tstart. 

Mating plug ejection time (teject) was assayed by two methods. 1) Males were 

removed from vials immediately after mating, and females were flash frozen in liquid 

nitrogen at 1.5 hr or 2 hr after the end of mating. Females were later dissected in 1X 

PBS to examine the presence of mating plugs in the bursae. 2) Immediately after 

mating, females were transferred to custom-designed mating plug ejection chambers 

(Hopkins et al. 2019) that were then covered with a piece of coverslip and secured with 

tape on diagonal corners. Mating plug ejection chambers measure 34 mm × 33 mm × 9 

mm with a concave depression of 20 mm × 20 mm × 7 mm, and were 3D-printed with 

black PLA filament at MannUfactory at Cornell University. Because of the 
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autofluorescence of a mating plug component protein PEBme (Ludwig et al. 1991; 

Lung and Wolfner 2001; Lee et al. 2015; Avila et al. 2015; Cohen and Wolfner 2018), 

mating plugs are visible under a NightSea GFP flashlight. We scored mating plug 

ejection every 5-10 minutes by the presence of plug in the chamber and its loss from 

the female’s ovipositor. We scored ejection until 6 hrs after tend, at which point any 

unejected females were recorded as 6 hr and dissected to confirm the mating plug and 

sperm mass in bursa. The mating plug ejection time was calculated as teject - tend.


Long-term sperm storage and usage dynamics

Females were first mated to ProtB-GFP males in a pairwise manner. The matings 

were observed, and males were removed after mating. In the evening of the next day, 

two ProtB-RFP males were added to each female vial and left there overnight to 

increase the probability of copulation, as females are refractory after the first mating. 

The next day, males were discarded, and females were each transferred to fresh food 

vials. We designated this time point as 0 hr after the end of the second mating (AESM). 

In Tdc2RO45/Df(2R)42, Tdc2>TNT, and Tdc2/dsx>TNT experiments, 1/3 of the females of 

each genotype were flash frozen on each of three timepoints: 1 day, 4 days, and 10 

days AESM. In Tdc2>dTrpA1 experiments, to evaluate baseline sperm storage and 

release, 1/6 of the females of each genotype were flash frozen at 8 hr AESM, and 

another 1/6 at 24 hr AESM. To measure genotype × temperature effects on sperm 

storage, release, usage and progeny production, half of all remaining females were 

kept at 22°C and the other half were moved to 29°C for 48 hr. All females were flash 

frozen at 72 hr AESM. 

115

https://paperpile.com/c/qCoGFm/r2Dc+Kg0O+KIrj+4TAE+kqCr
https://paperpile.com/c/qCoGFm/r2Dc+Kg0O+KIrj+4TAE+kqCr
https://paperpile.com/c/qCoGFm/r2Dc+Kg0O+KIrj+4TAE+kqCr


F1 progeny were reared to adulthood and counted under an Olympus SZX9 

stereomicroscope equipped with a FITC filter. Because the ProtB-GFP strain also 

contained Ubnls-EGFP, paternity of the F1 progeny could be ascertained by the 

presence (first male) or absence (second male) of ubiquitous GFP fluorescence. P1 

(proportion of first-male progeny) is calculated as the number of GFP progeny over 

total progeny a female produces after the second mating.

Female lower RTs were dissected in 1X PBS and imaged with an ECHO Revolve 

microscope to visualize ProtB-GFP (FITC channel; 50 ms) and ProtB-RFP (TxRED 

channel; 1200 ms) sperm heads stored in the SR (10X) and each Sp (20X). Sperm 

heads were manually counted using the annotation tool in the ECHO Pro app (Echo 

Laboratories) provided with the Revolve microscope and/or with a custom FIJI plugin 

(Schindelin et al. 2012). The proportion of stored sperm from the first male, S1, was 

calculated as the number of ProtB-GFP sperm over the number of total sperm.


Sperm transfer and displacement

Females were mated to first males the same way as described above, and were 

mated to ProtB-RFP males in individual vials 48 hours after the first mating. Two ProtB-

RFP males were provided for each female, and mating “trios” were observed. Males 

were removed immediately after mating, and doubly-mated females were flash frozen 1 

hour AESM. Females were dissected and imaged as above, with the additional 

visualization of the mating plug in the DAPI channel (5 ms). The presence and 

distribution of the mating plug and sperm were compared qualitatively, and the number 

of ProtB-GFP sperm heads were quantified with a custom FIJI plugin. Where 

116

https://paperpile.com/c/qCoGFm/mTwN


necessary, images were stitched together with the “pairwise stitching” FIJI plugin 

(Preibisch et al. 2009).


Sperm motility

Females were mated as described in the “Sperm transfer and displacement” 

section and dissected in Grace’s supplemented insect medium (Thermo Fisher) under 

CO2 anesthesia 3-4 hr AESM. Their SRs were imaged in the TxRED (600 ms) and FITC 

(50 ms) channels sequentially, within 3-7 minutes of anesthesia, and a 10-second video 

was obtained in each channel. The videos were then scored manually for the 

approximate overall proportion of motile sperm into three categories: 0%, 50%, or 

100%.


Conspecific sperm precedence 

Females were mated with D. simulans ppk23-/- males (Seeholzer et al. 2018) in 

mass mating vials with 10 females and 20 males overnight on day 0. The next day (day 

1), females were isolated into individual vials and males were discarded. In the evening 

of day 2, females were each transferred to fresh vials and two D. melanogaster ProtB-

GFP males were introduced, and the trios were left overnight. In the early afternoon of 

day 3, males were discarded; we designated this time point as 0 hr AESM. At 24 hr 

AESM, each female was transferred to a fresh vial. Every 48 hours henceforth, females 

were transferred to a fresh vial, until 216 hr (9 days) AESM when they were discarded. 

F1 progeny were reared to adulthood and scored as described above. Because only 

female hybrid progeny were viable, we distinguished between the 3 categories of F1 

progeny (mel/sim females, mel/mel females, mel/mel males), and used the female F1 

progeny counts to calculate P1.
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Statistical analysis

Statistical analysis was performed in R version 4.0.4 (R Core Team 2021) using 

the following packages: tidyverse version 1.3.0 (Wickham et al. 2019), lme4 version 

1.1-26 (Bates et al. 2015), lmerTest version 3.1-3 (Kuznetsova et al. 2017) and 

emmeans version 1.5.4 (Lenth 2016). Statistical significance was evaluated using linear 

models to evaluate the effect of female genotype, and where relevant replicate, time 

and/or temperature, on a given trait. When models involved repeated measures from 

the same female, linear mixed models were used with female ID as the random effect. 

We used ANOVA to evaluate the significance of variables and their interactions, and 

use emmeans to perform pairwise comparisons on estimated marginal means between 

genotypes. Proportions such as P1 and S1 were arcsine square root transformed in the 

linear (mixed) model to stabilize the variance. Throughout the study, only females who 

produced five or more progeny after the second mating were included in analyses 

involving P1. Where relevant, nominal p-values were FDR adjusted for multiple testing.


Data availability

All supplementary figures, the custom FIJI sperm counting script, and a sample 

R script used for data analysis are available on figshare. Raw data and images are 

available upon request.
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Results 

Octopamine and tyramine are required for wildtype sperm storage and usage 

dynamics

	 We first asked if doubly-mated Tdc2RO54/Df(2R)42 females exhibited differential 

sperm usage with respect to each male’s sperm (Cole et al. 2005). Females were 

mated first to ProtB-GFP males and subsequently to ProtB-RFP males to label the 

paternity of stored sperm. Tdc2RO54/Df(2R)42 females are sterile (Figure 3.1B; (Cole et 

al. 2005; Rezával et al. 2014)), so we were unable to measure P1 in their matings. 

Instead, we examined the spatiotemporal dynamics of sperm storage and release to 

see if it might differ in the absence of Tdc2. We observed that the sperm storage and 

usage dynamics of each male’s sperm in the SR were similar between Tdc2RO54/

Df(2R)42 and control females, with the exception of sperm retention at 10 days AESM 

(Figure 3.1C-E). However, in the Sp, Tdc2RO54/Df(2R)42 females stored more first-male 

sperm at 1 day AESM, and retained more sperm overall at 4 days and 10 days AESM 

than controls (Figure S3.1A-C). Combining the sperm counts in both types of SSOs 

revealed that Tdc2RO54/Df(2R)42 females stored more first-male sperm at 1 day AESM 

(due to the increased first-male sperm count in the Sp; Figure S3.1D), retained more 

second-male sperm at 10 days AESM (Figure S3.1E), and retained more sperm overall 

in all SSOs combined by 4 and 10 days AESM (Figure S3.1F). 


119

https://paperpile.com/c/qCoGFm/v55n
https://paperpile.com/c/qCoGFm/v55n+S5I9
https://paperpile.com/c/qCoGFm/v55n+S5I9





Figure 3.1 |  OA/TA-less Tdc2RO54 females are sterile and retain sperm. 
(A) Biosynthetic pathways of tyramine (TA) and octopamine (OA) from tyrosine, showing 
the structure of the molecules, the enzymes involved, and the genes in D. 
melanogaster that encode the enzymes. (B-E) Tdc2RO54/SM5 (light gray), Df(2R)42/Gla 
(dark gray), and Tdc2RO54/Df(2R)42 (blue) females mated first to ProtB-GFP males then 
to ProtB-RFP males. (B) Progeny count of Tdc2RO54/SM5, Df(2R)42/Gla, and Tdc2RO54/
Df(2R)42 females up to 1, 4, and 10 days AESM. (C-E) Counts of first-male (C), second-
male (D), and the sum of first- and second-male sperm (E) in the SR of Tdc2RO54/SM5, 
Df(2R)42/Gla, and Tdc2RO54/Df(2R)42 females at 1, 4, and 10 days AESM. Error bars 
represent mean +/- SEM. Significance levels: * p<0.05, ** p<0.01, *** p<0.001, n.s. not 
significant.
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These results suggested a potential role for OA and TA in differentially storing or 

releasing first- versus second-male sperm. We also extended the previous study (Avila 

et al. 2012), showing that both OA and TA are required for efficient sperm release in 

doubly-mated, as well as singly-mated, females. This result demonstrated that a 

second mating did not rescue the sperm retention defect, and that the female’s OA and 

TA signaling are epistatic over male seminal fluid proteins that promote sperm release 

from SSOs, such as Sex Peptide (Avila et al. 2010). 

We also attempted to compare the sperm storage and usage dynamics between 

doubly-mated TβhnM18/TβhnM18 mutant and TβhnM18/FM7 control females (Monastirioti 

et al. 1996). Unfortunately, none of 468 TβhnM18/TβhnM18 singly-mated females remated 

with the second male. This strong refractoriness to remating differs from Rezával et 

al.’s finding that TβhnM18/TβhnM18 females had abolished PMR and remated more readily 

than control females did (Rezával et al. 2014). Potential sources of differences between 

our and Rezával et al.’s study could be different male genotypes, mutations that 

accumulated in the TβhnM18/FM7 stock over time, or different stock maintenance or 

assay conditions (the stock in the earlier study was no longer available).


Inhibiting Tdc2 neurons reduces female fertility and increases P1

To manipulate OA/TA neuronal signaling, we expressed tetanus toxin light chain 

(TNT) in Tdc2 neurons to inhibit neuronal activity (Sweeney et al. 1995). We found that 

Tdc2>TNT females trended towards producing fewer progeny than control females on 

days 4 and 10 AESM (Figure 3.2A), but still produced enough progeny for quantification 

of the relative paternity proportion, P1. When we examined the counts of first- and 

second-male progeny separately, we found that Tdc2>TNT females produced the 
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same amount of first-male progeny as controls, but fewer second-male progeny by day 

10 AESM (Figure S3.2A-B). This progeny count difference also led to Tdc2>TNT 

females’ higher P1 than control females (Fig. 3.2B). There is no time effect or genotype 

× time interaction effect on P1 (Figure S3.2C). 

To rule out the possibility that the P1 difference was due to female × male 

genotypic interactions on progeny viability, we mated females of each genotype to 

either ProtB-GFP or ProtB-RFP males and calculated the egg-to-adult ratio of their 

progeny. We did not observe any male genotype effect or female × male genotypic 

interaction effect on progeny survival (Figure S3.2D), indicating that the differential 

paternity proportion is likely due to sperm handling or usage differences, rather than 

post-zygotic mechanisms.





Figure 3.2 | Tdc2>TNT females have lower fertility and higher P1. 
Tdc2-GAL4/+ (light gray), UAS-TNT/+ (dark gray), and Tdc2>TNT (green) females 
mated first to ProtB-GFP males then to ProtB-RFP males. (A) Progeny count of Tdc2-
GAL4/+, UAS-TNT/+, and Tdc2>TNT females up to 1, 4, and 10 days AESM. (B) P1 in 
Tdc2-GAL4/+, UAS-TNT/+, and Tdc2>TNT females up to 1, 4, and 10 days AESM. 
Error bars represent mean +/- SEM. Significance levels: * p<0.05, ** p<0.01, *** 
p<0.001, n.s. not significant.
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Tdc2 neuronal activity is not required for copulation duration or initial sperm 

handling dynamics

Tdc2>TNT females had shorter latency to mating than one of the control 

genotypes, but similar copulation durations as both control genotypes (Figure 3.3A-B). 

We next examined early sperm handling events soon after the second mating, at 1 hr 

AESM. At this time point, the incoming second-male sperm should be actively mixing 

with and displacing resident first-male sperm, and females have yet to eject the mating 

plug along with excess unstored sperm (Manier et al. 2010). Therefore, we could 

examine the extent of sperm mixing and displacement, and quantify the number of 

first-male sperm entering the second mating.


	 We found that the number of first-male sperm present in the female RT at the 

beginning of the second mating was not affected by inhibiting Tdc2 neuronal activity, 

and the distribution of first-male sperm among the bursa and the SSOs was also 

similar across female genotypes (Figure 3.3C). This result suggested that 1) Tdc2>TNT 

females did not retain more first-male sperm prior to the second mating, and 2) at least 

at 1 hr AESM, Tdc2>TNT females were not slower at mixing first- and second-male 

sperm. The overall sperm distribution throughout the lower female RT was also 

qualitatively comparable in Tdc2>TNT and control females (Figure 3.3D-F). First- and 

second-male sperm were well mixed, and did not stratify into clusters. The mating plug 

also formed normally in Tdc2>TNT females (Figure 3.3D-F).
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Figure 3.3 | Copulation and sperm handling traits up to 3-4 hrs AESM are not 
different between Tdc2>TNT and control females. 
For (A-B, G-H), Tdc2-GAL4/+ (light gray), UAS-TNT/+ (dark gray), and Tdc2>TNT 
(green) females mated with CS male. For (C-F, I-K), Tdc2-GAL4/+ (light gray), UAS-
TNT/+ (dark gray), and Tdc2>TNT (green) females mated first to ProtB-GFP males then 
to ProtB-RFP males. (A) Latency of Tdc2-GAL4/+, UAS-TNT/+, and Tdc2>TNT females 
to copulate. (B) Copulation duration of Tdc2-GAL4/+, UAS-TNT/+, and Tdc2>TNT 
females. (C) First-male sperm count of Tdc2-GAL4/+, UAS-TNT/+, and Tdc2>TNT 
females in the bursa, SSOs, or the whole lower RT (“Combined”) at 1 hr AESM. (D-F) 
Microscope images of the lower RT in Tdc2-GAL4/+ (D), UAS-TNT/+ (E), and 
Tdc2>TNT (F) females, showing first-male sperm heads (teal), second-male sperm 
heads (red), and mating plug components (blue). The RT structure shows 
autofluorescence in the TxRED (red) channel. Anterior and posterior regions of the RT 
are arranged at the top and the bottom, respectively. (G) Mating plug ejection times of 
Tdc2-GAL4/+, UAS-TNT/+, and Tdc2>TNT females. Any females who have not ejected 
their mating plugs by 6 hrs AESM are recorded as 6 hrs. (H) Proportions of Tdc2-
GAL4/+, UAS-TNT/+, and Tdc2>TNT females who have not ejected (white), partially 
ejected (light gray), or completely ejected (dark gray) at 1.5 hr AESM. (I-J) Counts of 
first-male sperm (I) and second-male sperm (J) in the SR, Sp, and both SSOs types 
combined in Tdc2-GAL4/+, UAS-TNT/+, and Tdc2>TNT females at 3 hrs AESM. (K) 
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Proportions of Tdc2-GAL4/+, UAS-TNT/+, and Tdc2>TNT females with approximately 
0% (white), 50% (light gray), or 100% (dark gray) motile first- or second-male sperm in 
their SR at 3-4 hrs AESM. Error bars represent mean +/- SEM. Significance levels: * 
p<0.05, ** p<0.01, *** p<0.001, n.s. not significant. Size bar=100μm.


The timing of mating plug ejection can affect how many first- and second-male 

sperm are stored, and thereby affect progeny paternity proportion (Lüpold et al. 2013; 

Manier et al. 2013b; Lee et al. 2015). In general, earlier mating plug ejection after the 

second mating prevents second-male sperm from sufficiently displacing first-male 

sperm, and leads to a higher proportion of first-male sperm in the SR (S1) and higher 

P1 (Manier et al. 2010; Lüpold et al. 2013). Using two complementary methods to 

assay mating plug ejection timing, we found that Tdc2>TNT females trended towards 

taking longer to eject the mating plug (Figure 3.3G), and a larger proportion of 

Tdc2>TNT females were yet to eject at 1.5 hr after mating than control females (Figure 

3.3H). Delaying ejection after the sperm are fully mixed should not further affect S1 in 

the SR, so mating plug ejection is not likely to be responsible for the P1 difference.

We next chose 3 hr AESM to examine post-ejection sperm storage, and asked if 

the number of first- and second-male sperm stored after ejection could contribute to 

P1 differences. Overall, the sperm storage pattern was comparable across genotypes 

(Figure 3.3I-J), consistent with the previous report that OA does not regulate initial 

sperm entry into storage (Avila et al. 2012). Tdc2>TNT females stored the same amount 

of second-male sperm as controls (Figure 3.3J), and slightly fewer first-male sperm in 

the SR and Sp than one or the other control genotype, but comparable amounts of 

first-male sperm overall (Figure 3.3I). The proportions of motile first- and second-male 

sperm were also similar across genotypes (Figure 3.3K). Taken together, these results 
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suggested that Tdc2 neuron activity was not required for early sperm handling or 

sperm motility within the SR. Despite the observation that Tdc2>TNT females had 

slightly delayed mating plug ejection, this defect was not likely to explain the higher P1.


Biased sperm usage explains P1 difference

We next directed our attention to the spatiotemporal dynamics of sperm release 

and usage between 1 day and 10 days AESM in Tdc2>TNT and control females. 

Female genotype had little effect on the numbers of first- and second-male sperm in 

the SR, except for a slight trend in Tdc2>TNT females towards retaining second-male 

sperm and a corresponding increase in total sperm count in the SR at day 10 AESM 

(Figure 3.4A-C). This small difference did not result in a reduction of S1 in the SR 

(Figure 3.4D). In Tdc2>TNT females, Sp stored more first-male sperm on day 1 AESM 

and continued to have more first-male sperm throughout the 10-day assay, which also 

contributed to Tdc2>TNT females having more first- and second-male sperm 

combined in the Sp than controls (Figure S3.3A). When combining SR and Sp sperm 

counts, the overall sperm storage and release pattern is largely consistent across 

female genotypes, with the most notable difference being a strong sperm retention 

phenotype at day 10 AESM (Figure S3.3D-F). 
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Figure 3.4 | Tdc2>TNT females do not store or release more first-male sperm, but 
suppress sperm usage bias toward second-male sperm. 
Tdc2-GAL4/+ (light gray), UAS-TNT/+ (dark gray), and Tdc2>TNT (green) females 
mated first to ProtB-GFP males then to ProtB-RFP males. (A-C) Counts of first-male 
(A), second-male (B), and the sum of first- and second-male sperm (C) in the SR of 
Tdc2-GAL4/+, UAS-TNT/+, and Tdc2>TNT females at 1, 4, and 10 days AESM. (D) S1 
of Tdc2-GAL4/+, UAS-TNT/+, and Tdc2>TNT females at 1, 4, and 10 days AESM. (E) 
Arcsine square root transformed S1 in the SR is correlated with arcsine square root 
transformed P1. Red dotted line represents the y=x diagonal. Each data point 
represents one female, with colors corresponding to genotypes and shapes 
corresponding to time points. Shaded areas around regression lines represent 95% 
confidence intervals. Significance levels show the strength of correlation between 
transformed P1 and S1 (SR) for each genotype. Error bars represent mean +/- SEM. 
Significance levels: * p<0.05, ** p<0.01, *** p<0.001, n.s. not significant.


	 We examined the correlation between P1 and S1 (after arcsine-square root 

transformation) to understand how sperm proportion translates to progeny proportion. 

The slope of the regression line between transformed P1 and S1 suggests if females 

use sperm from either male in a biased manner to produce progeny. If P1 is 

significantly greater than S1, it suggests that females bias sperm usage toward the first 
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male; and the reverse is true if P1 is significantly lower than S1. All three genotypes we 

assayed exhibited bias for using second-male sperm to produce progeny (P1<S1), but 

such bias was stronger in Tdc2-GAL4/+ and UAS-TNT/+ control females than in 

Tdc2>TNT females, as shown by their lower slopes (Figure 3.4E). This result suggested 

that Tdc2 neuron activity in control females promoted bias for second-male sperm to 

be used for progeny production, and inhibiting it allowed females to use sperm from 

the two males closer to their proportions in the SR.


Reproductive tract Tdc2/dsx neurons are largely responsible for P1 effects 

The small population of Tdc2/dsx neurons innervates the female RT and 

regulates various aspects of the PMR (Rezával et al. 2014; Yoshinari et al. 2020). We 

asked if they might also be the subset of Tdc2 neurons that underlie the P1 and biased 

sperm usage phenotypes we observed. We used an intersectional strategy combining 

Tdc2-GAL4 with dsxFLP to drive a version of UAS-TNT with an FRT-flanked stop 

cassette inserted upstream of TNT (UAS>stop>TNT; (Bohm et al. 2010)). FLP 

recombinase excises the stop codon between UAS and TNT in dsx+ cells to generate 

functional UAS-TNT alleles; if these cells are also Tdc2+, GAL4 drives expression of 

TNT to specifically inhibit these Tdc2/dsx neurons. 

Tdc2-GAL4/UAS>stop>TNT; dsxFLP/+ (henceforth Tdc2/dsx>TNT) females 

phenocopied Tdc2>TNT with respect to fertility (Figure 3.5A, Figure S3.4A-B) and P1 

(Figure 3.5B), suggesting that both traits might be mediated by this subset of Tdc2 

neurons. Interestingly, Tdc2/dsx>TNT females had a more severe fertility defect than 

Tdc2>TNT females (Figure 3.5A). We only included females who had produced five or 

more progeny after the second mating when analyzing P1 because lower fertility 
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affects the “resolution” of P1. Tdc2/dsx>TNT females had higher P1 than controls, and 

we did not observe a time or genotype × time effect on P1 (Figure S3.4C). The overall 

spatiotemporal dynamics of sperm storage and release in the SR was similar in Tdc2/

dsx>TNT females to that in controls, with slightly more rapid release of second-male 

sperm than one or the other control at day 4 and 10 AESM, and slightly fewer overall 

sperm stored at the same time points (Figure 3.5C-E). The sperm loss observation in 

Tdc2/dsx>TNT females is opposite to the sperm retention defect in Tdc2>TNT females, 

which might suggest that non-RT Tdc2 neurons are responsible for (or can 

compensate for the loss of RT Tdc2 neuron activity on) sperm release from storage. 

Sperm storage and release in the Sp and both SSOs combined were very consistent 

across genotypes (Figure S3.4D-I). S1 in the SR was also not significantly different 

when Tdc2/dsx neurons were inhibited (Figure 3.5F). 


	 Unfortunately, because requiring progeny count greater than or equal to five 

disproportionately reduced the sample size of Tdc2/dsx>TNT females with meaningful 

P1s, we were unable to determine whether Tdc2/dsx>TNT females similarly exhibited 

reduced biased usage toward second-male sperm (Figure 3.5G). Nonetheless, since 

sperm storage and release was at control-like levels in Tdc2/dsx>TNT females, it would 

be likely that they also achieved P1 by altering sperm usage for fertilization, such as 

suppressing bias toward second-male sperm.
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Figure 3.5 | Tdc2/dsx>TNT females have lower fertility, higher P1, and do not store 
or release more first-male sperm. 
Tdc2/dsx-GAL4/+ (light gray), UAS>stop>TNT/+ (dark gray), and Tdc2/dsx>TNT 
(orange) females mated first to ProtB-GFP males then to ProtB-RFP males. (A) Progeny 
count of Tdc2/dsx-GAL4/+, UAS>stop>TNT/+, and Tdc2/dsx>TNT females up to 1, 4, 
and 10 days AESM. (B) P1 of Tdc2/dsx-GAL4/+, UAS>stop>TNT/+, and Tdc2/dsx>TNT 
females up to 1, 4, and 10 days AESM. (C-E) Counts of first-male (C), second-male (D), 
and the sum of first- and second-male sperm (E) in the SR of Tdc2/dsx-GAL4/+, 
UAS>stop>TNT/+, and Tdc2/dsx>TNT females at 1, 4, and 10 days AESM. (F) S1 of 
Tdc2/dsx-GAL4/+, UAS>stop>TNT/+, and Tdc2/dsx>TNT females at 1, 4, and 10 days 
AESM. (G) Arcsine square root transformed S1 in the SR plotted against arcsine square 
root transformed P1. Red dotted line represents the y=x diagonal. Each data point 
represents one female, with colors corresponding to genotypes and shapes 
corresponding to time points. Shaded areas around regression lines represent 95% 
confidence intervals. Significance levels show the strength of correlation between 
transformed P1 and S1 (SR) for each genotype. Error bars represent mean +/- SEM. 
Significance levels: * p<0.05, ** p<0.01, *** p<0.001, n.s. not significant.
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Tdc2 neurons are required for conspecific sperm precedence

So far we have shown that Tdc2 neurons mediate biased sperm usage based on 

the mating order of two D. melanogaster males. We further asked if Tdc2>TNT females 

mated first to less compatible males would avoid using first-male sperm, and have 

control-like levels of lower P1. We mated Tdc2>TNT and control females first with a 

heterospecific, D. simulans male, followed by a second mating with a conspecific, D. 

melanogaster ProtB-GFP male. We used ppk23-/- D. simulans males, who were unable 

to detect the D. melanogaster female pheromone and therefore courted D. 

melanogaster females rigorously (Seeholzer et al. 2018), to facilitate the first, 

heterospecific mating. 

Similar to the case in conspecific matings, Tdc2>TNT females had lower fertility 

than controls, and particularly fewer progeny were fathered by the second male (Figure 

3.6A). To our surprise, Tdc2>TNT females also had higher P1 (Figure 3.6B), especially 

at 1-3 days AESM (Figure 3.6C). This might suggest that the lack of Tdc2 neuronal 

activity prevents females from efficiently utilizing the second male’s sperm (as in 

conspecific double mating experiments) or distinguishing between con- and 

heterospecific sperm soon after the second mating. Overall, we find that Tdc2>TNT 

female’s suppression of second-male sperm usage bias extends to heterospecific 

matings, at least shortly after the second mating.


131

https://paperpile.com/c/qCoGFm/1B25


Figure 3.6 | Tdc2>TNT females have lower fertility and higher P1 when first mated 
to heterospecific D. simulans male. 
Tdc2-GAL4/+ (light gray), UAS-TNT/+ (dark gray), and Tdc2>TNT (green) females 
mated first to D. simulans ppk23-/- males then to D. melanogaster ProtB-GFP males. (A) 
Total female progeny, mel/sim hybrid female progeny, mel/mel female progeny, and 
mel/mel male progeny count of Tdc2-GAL4/+, UAS-TNT/+, and Tdc2>TNT females 
between 1 and 9 days AESM. (B) P1 of Tdc2-GAL4/+, UAS-TNT/+, and Tdc2>TNT 
females between 1 and 9 days AESM. (C) P1 of Tdc2-GAL4/+, UAS-TNT/+, and 
Tdc2>TNT females broken down by ranges of days AESM. Error bars represent mean 
+/- SEM. Significance levels: * p<0.05, ** p<0.01, *** p<0.001, n.s. not significant.


Activation of Tdc2 neuronal activity has limited effect on sperm handling

After consistently observing that inhibiting Tdc2 neuron activity increased the 

paternity proportion of the first male, we asked if activating Tdc2 neurons might have 

the opposite effect. We used the heat-sensitive cation channel dTrpA1 under UAS 

control (Hamada et al. 2008) to thermogenetically activate Tdc2 neurons by exposing 

Tdc2>dTrpA1 females to 29°C for 48 hrs, between 24 hr and 72 hr AESM. We used 

genotype controls and 22°C temperature controls to assess any genotype × 

temperature effects on fertility, P1, and the dynamics of sperm storage, release, and 

usage. We also examined the fertility and sperm storage of females before undergoing 

temperature treatment, at 8 hr and 24 hr AESM. We did not find significant genotype 

effects on fertility, or initial sperm storage or release (Figure 3.7A, D-F, Figure S3.5A-F).
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	 Experimentally activating Tdc2 neurons for 48 hrs significantly reduced female 

fertility (Figure 3.7A). This was not due to the temperature alone, as control females had 

higher fertility at 29°C (Figure 3.7A). The lower fertility was not linked to sperm 

retention, as the high temperature treatment did not affect sperm counts in the SR, Sp 

or overall sperm counts (Figure 3.7D-F, Figure S3.5A-F). P1 and S1 were not affected 

by Tdc2 neuron activation (Figure 3.7B-C).


Figure 3.7 | Activating Tdc2 neurons reduces fertility, but has limited effects on P1 
and sperm storage and release. 
Tdc2-GAL4/+ (light gray), UAS-dTrpA1/+ (dark gray), and Tdc2>dTrpA1 (red) females 
mated first to ProtB-GFP males then to ProtB-RFP males. (A) Progeny count of Tdc2-
GAL4/+, UAS-dTrpA1/+, and Tdc2>dTrpA1 females up to 8 hrs, 24 hrs, and 72 hrs 
AESM at 22°C or 29°C. (B) P1 of Tdc2-GAL4/+, UAS-dTrpA1/+, and Tdc2>dTrpA1 
females at 22°C or 29°C between 24 hrs and 72 hrs AESM. (C) S1 of Tdc2-GAL4/+, 
UAS-dTrpA1/+, and Tdc2>dTrpA1 females at 8 hrs, 24 hrs, and 72 hrs AESM at 22°C 
or 29°C. (D-F) Counts of first-male (D), second-male (E), and the sum of first- and 
second-male sperm (F) in the SR of Tdc2-GAL4/+, UAS-dTrpA1/+, and Tdc2>dTrpA1 
females at 8 hrs, 24 hrs, and 72 hrs AESM at 22°C or 29°C. Error bars represent mean 
+/- SEM. Significance levels: * p<0.05, ** p<0.01, *** p<0.001, n.s. not significant.
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Discussion

Reproductive success requires cooperation between females and males in 

different aspects of reproduction, from recognition, courtship, and copulation, to 

postmating gamete usage. At the same time, the sexes’ divergent strategies to achieve 

optimal reproductive output results in sexual conflict. In polyandrous species, complex 

interactions between the female RT and ejaculate components from previous mates 

mediate postcopulatory sexual selection and creates differential paternity proportion. 

Specific female genes have been found to influence paternity proportion (Chow et al. 

2010; Sitnik et al. 2014; Smith et al. 2017; Chen et al. 2019), but a mechanistic view of 

how these genes are involved in postcopulatory sexual selection remain largely 

elusive. 

Here, we focus on octopaminergic/tyraminergic Tdc2 neurons, which have 

extensive roles in female reproduction and mediate PMRs, and examine how their 

activity regulates different aspects of sperm handling and progeny production to 

influence paternity proportion. We found that control females tended to use second-

male sperm in a biased manner for producing progeny, which was reflected in their 

lower P1 values. Inhibiting Tdc2 neurons, including the Tdc2/dsx neurons innervating 

the female RT, resulted in the loss of this ability. Instead, Tdc2>TNT and Tdc2/dsx>TNT 

females used sperm at a proportion more closely matching S1 in the SR, giving rise to 

generally higher P1. We also examined postzygotic progeny survival and other aspects 

of sperm handling, including sperm mixing, displacement, ejection, storage, and 

release, but none of these aspects could explain the P1 difference. In contrast, when 

we activated Tdc2 neurons instead, we did not observe an even stronger usage bias 
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towards second-male sperm. This result suggests a “ceiling effect” on the amount of 

OA in mated females, as has been observed in the context of ovulation (Rubinstein and 

Wolfner 2013), and/or on the already small number of first-male progeny produced by 

control females.

	 The biased sperm usage observed in this study is likely based on mating order, 

as both tester male strains are in the LHm background (Manier et al. 2010) so female × 

male × male genotypic interactions on sperm handling and usage should be minimal. 

Studies show that females become more selective of future mates after mating 

(Jennions and Petrie 2000; Kokko and Mappes 2005; Kohlmeier et al. 2021). If the 

selectiveness is predictive of higher male quality, then it may be beneficial for females 

to default to a biased usage of the last male's sperm. 

We did not find evidence that D. melanogaster females stored each male’s 

sperm in separate storage organs, a pattern that had been observed in D. simulans 

females (Manier et al. 2013b). Two potential mechanisms may explain how the female 

RT biases sperm usage towards the second male for fertilization. 1) Compared to the 

first male’s sperm, each subsequent male’s sperm encounters a female RT that has 

already transitioned to a mated state. The transcriptome, neuromodulator, secretion, 

and muscular contraction states of the mated female RT (McGraw et al. 2004, 2008; 

Middleton et al. 2006; Mack et al. 2006; Rodríguez-Valentín et al. 2006; Adams and 

Wolfner 2007; Schnakenberg et al. 2011; Rubinstein and Wolfner 2013; Heifetz et al. 

2014; Mattei et al. 2015; Newell et al. 2020; White et al. 2021) may be more efficient at 

mediating interactions with the incoming ejaculate and better nurture the incoming 

sperm. The loss or reduction of OA changes the molecular identity and muscle 
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contraction of the female RT (Rodríguez-Valentín et al. 2006; Rubinstein and Wolfner 

2013; Heifetz et al. 2014), and may affect how it interacts with sperm and other 

ejaculate components. 2) In wild-type females, a few sperm are released from the SR 

at around the same time when an egg is released into the bursa (Bloch Qazi et al. 

2003). The last male’s sperm is typically younger than stored sperm from previous 

males, and may give them an advantage to reach the fertilization site or to fuse with the 

egg (Reinhardt and Siva-Jothy 2005; Reinhardt 2007; Pizzari et al. 2008; Reinhardt and 

Ribou 2013). Tdc2RO54 mutant females and Tdc2>TNT females release sperm 

inefficiently. If they release fewer sperm at a time, sperm may be used for fertilization in 

closer proportion to their representation in the SR. Advances in long-term live imaging 

technologies may allow future studies to reveal how sperm release is coordinated with 

ovulation, and how the lack of Tdc2 neuronal signaling affects this coordination.

In addition to intraspecific matings, we used con- and heterospecific matings to 

show that inhibition of Tdc2 neuron activity causes a higher P1 even when the first-

male sperm is of lower compatibility to the female. This discovery motivates future 

studies to examine sperm handling dynamics and how sperm usage is coordinated 

with progeny production in this experimental setting to understand if the differential 

paternity proportion arises from the same mechanism as in conspecific matings.

	 In conclusion, our study demonstrates that the activity of octopaminergic/

tyraminergic Tdc2 neurons influences differential paternity proportions in doubly-mated 

females. Tdc2 neural activity is required to mediate biased usage of the second male’s 

sperm, and allow females to produce mostly second-male progeny (low P1). Using an 

intersectional technique, we further show that this effect is largely mediated by Tdc2 
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neurons innervating the female RT. On the other hand, over-activating Tdc2 neurons 

does not further increase the second male’s paternity share, suggesting a ceiling effect. 

Future studies can investigate if Tdc2 neuron activity also facilitates sperm usage bias 

based on male quality, and if other female neurons implicated in differential paternity 

outcome may similarly influence sperm usage or other aspects of sperm handling. A 

better understanding of the molecular and physiological mechanisms underlying 

postcopulatory sexual selection may shed light on how female × male interactions 

drive evolution of reproductive traits.
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Supplementart figures

 

Figure S3.1 | OA/TA-less Tdc2RO54 females exhibit sperm retention. 
Tdc2RO54/SM5 (light gray), Df(2R)42/Gla (dark gray), and Tdc2RO54/Df(2R)42 (blue) 
females mated first to ProtB-GFP males then to ProtB-RFP males. (A-F) Counts of first-
male (A, D), second-male (B, E), and the sum of first- and second-male sperm (C, F) in 
the Sp (A-C) and all SSOs (D-F) of Tdc2RO54/SM5, Df(2R)42/Gla, and Tdc2RO54/Df(2R)42 
females at 1, 4, and 10 days AESM. Error bars represent mean +/- SEM. Significance 
levels: * p<0.05, ** p<0.01, *** p<0.001, n.s. not significant.
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Figure S3.2 | Tdc2>TNT females produce fewer second-male progeny and have 
higher P1. 
(A-C) Tdc2-GAL4/+ (light gray), UAS-TNT/+ (dark gray), and Tdc2>TNT (green) females 
mated first to ProtB-GFP males then to ProtB-RFP males. (A-B) First-male (A) and 
second-male (B) progeny counts of Tdc2-GAL4/+, UAS-TNT/+, and Tdc2>TNT females 
up to 1, 4, and 10 days AESM. (C) P1 of Tdc2-GAL4/+, UAS-TNT/+, and Tdc2>TNT 
females up to 1, 4, and 10 days AESM. There was no time or genotype × time 
interaction on P1, so we combined data across time points in Figure 2B. (D) Egg-to-
adult ratio (number of F1 adults divided by number of F1 eggs) of Tdc2-GAL4/+, UAS-
TNT/+, and Tdc2>TNT females mated to ProtB-GFP (circles) or ProtB-RFP males 
(triangles). There was no female × male genotypic interaction on the egg-to-adult ratio. 
Error bars represent mean +/- SEM. Significance levels: * p<0.05, ** p<0.01, *** 
p<0.001, n.s. not significant.
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Figure S3.3 | Tdc2>TNT females exhibit sperm retention.  
Tdc2-GAL4/+ (light gray), UAS-TNT/+ (dark gray), and Tdc2>TNT (green) females 
mated first to ProtB-GFP males then to ProtB-RFP males. (A-F) Counts of first-male (A, 
D), second-male (B, E), and the sum of first- and second-male sperm (C, F) in the Sp 
(A-C) and all SSOs (D-F) of Tdc2-GAL4/+, UAS-TNT/+, and Tdc2>TNT females at 1, 4, 
and 10 days AESM. Error bars represent mean +/- SEM. Significance levels: * p<0.05, 
** p<0.01, *** p<0.001, n.s. not significant.
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Figure S3.4 | Tdc2/dsx>TNT females produce fewer second-male progeny and 
have higher P1.  
Tdc2/dsx-GAL4/+ (light gray), UAS>stop>TNT/+ (dark gray), and Tdc2/dsx>TNT 
(yellow) females mated first to ProtB-GFP males then to ProtB-RFP males. (A-B) First-
male (A) and second-male (B) progeny counts of Tdc2/dsx-GAL4/+, UAS>stop>TNT/+, 
and Tdc2/dsx>TNT females up to 1, 4, and 10 days AESM. (C) P1 of Tdc2/dsx-GAL4/+, 
UAS>stop>TNT/+, and Tdc2/dsx>TNT females up to 1, 4, and 10 days AESM. There 
was no time or genotype × time interaction on P1, so we combined data across time 
points in Figure 5B. (D-I) Counts of first-male (D, G), second-male (E, H), and the sum 
of first- and second-male sperm (F, I) in the Sp (D-F) and all SSOs (G-I) of Tdc2/dsx-
GAL4/+, UAS>stop>TNT/+, and Tdc2/dsx>TNT females at 1, 4, and 10 days AESM. 
Error bars represent mean +/- SEM. Significance levels: * p<0.05, ** p<0.01, *** 
p<0.001, n.s. not significant.
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Figure S3.5 | Tdc2>dTrpA1 females have control-like sperm storage and release 
patterns.  
Tdc2-GAL4/+ (light gray), UAS-dTrpA1/+ (dark gray), and Tdc2>dTrpA1 (red) females 
mated first to ProtB-GFP males then to ProtB-RFP males. (A-F) Counts of first-male (A, 
D), second-male (B, E), and the sum of first- and second-male sperm (C, F) in the Sp 
(A-C) and all SSOs (D-F) of Tdc2-GAL4/+, UAS-dTrpA1/+, and Tdc2>dTrpA1 females 
up to 8 hrs, 24 hrs, and 72 hrs AESM at 22°C or 29°C. Error bars represent mean +/- 
SEM. Significance levels: * p<0.05, ** p<0.01, *** p<0.001, n.s. not significant.
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CHAPTER 4 

Discussion


	 


	 The roles of the female reproductive tract (RT) and its interaction with ejaculate 

components to mediate postcopulatory sexual selection and influence the progeny 

paternity proportion are becoming better appreciated. In Drosophila melanogaster, 

studies have demonstrated that the female genotype influences the paternity 

proportion of her mates (Clark and Begun 1998; Clark et al. 1999; Bjork et al. 2007; 

Chow et al. 2010, 2013; Lüpold et al. 2013), but the genetic and physiological basis of 

such influence remains elusive. Chow et al.’s genome-wide association study (GWAS) 

across the Drosophila Genetic Reference Panel (DGRP) offered an avenue to approach 

these questions (Chow et al. 2013). This thesis describes experiments that built on 

those GWAS results to better understand how the female, and especially her nervous 

system, mediates postcopulatory sexual selection and female × male interactions in 

differential sperm usage.

Eight genes that act in females to influence paternity proportions through 

different tissues and subsets of neurons

In Chapter 2, my colleagues and I functionally tested 26 of the 33 candidate 

genes identified in the Chow et al. GWAS (2013). We discovered that eight of the genes 

affected paternity proportion, as measured by the proportion of progeny fathered by 

the first male (P1). Five of the eight genes exert their effects through the female 

nervous system (btsz, caup, hid, Msp300, and Rim) (Chen et al. 2019), supporting 
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previous reports that the female nervous system is required for sperm storage and 

release after a single mating (Arthur et al. 1998; Avila et al. 2012; Lee et al. 2015), and 

further demonstrating its involvement in mediating paternity proportions in a multiple 

mating context. The direction of change varied across the five genes: whereas 

knocking down btsz, caup or Rim expression reduced P1, knocking down hid or 

Msp300 increased P1 (Chen et al. 2019). This suggests that in a wild-type female, 

multiple genes and pathways regulate P1 in opposite directions (potentially in response 

to different internal and external cues) to achieve an optimal P1.

We further demonstrated that caup activity was necessary in octopaminergic/

tyraminergic Tdc2 neurons, and that Rim was needed in sensory ppk neurons to 

influence P1 (Chen et al. 2019). Because caup encodes a homeobox transcription 

factor that controls proneural genes (Gomez-Skarmeta et al. 1996; Gómez-Skarmeta 

and Modolell 1996), its knockdown might affect the development, morphology, and 

innervation of Tdc2 neurons. In Chapter 3, we used neural-type specific inhibition to 

further characterize how Tdc2 neurons influence paternity proportion. Future studies 

can use fluorescent reporters to compare the morphology of Tdc2 neurons in control 

and caup knockdown females. This would determine whether caup activity is needed 

for the formation and/or development of Tdc2 neurons, as opposed to being needed 

only in adults for actions related to postcopulatory sexual selection. Careful 

observation of sperm handling and usage dynamics, similar to the methods described 

in Chapter 3, would then inform if defects in the development of Tdc2 neurons have the 

same effect on paternity proportion as inhibition of Tdc2 neuronal activity. The SNP 

associated with P1 outcome in the GWAS was located upstream of the caup gene 
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(Chow et al. 2013), suggesting potential roles in regulating the spatiotemporal 

dynamics of caup expression. Although manipulation of Tdc2 neuron development or 

function in lab conditions does not fully recapitulate the effect of the identified SNP in 

DGRP genetic backgrounds, and the strains used for neuron manipulation experiments 

have different genetic backgrounds than the DGRP, comparing the two methods may 

provide an idea of how naturally occurring alleles in caup can differentially affect P1.

We also found that Rim acted in ppk neurons to affect P1 (Chen et al. 2019). Rim 

promotes neurotransmitter release (Graf et al. 2012; Müller et al. 2012), so reducing its 

expression in ppk neurons, as we did (Chen et al. 2019), could reduce or disrupt ppk 

neuronal signaling. A subset of ppk neurons in the female reproductive tract express 

the female’s receptor for the male seminal fluid protein (Sfp) Sex Peptide (Sex Peptide 

Receptor, SPR; (Yapici et al. 2008; Häsemeyer et al. 2009; Yang et al. 2009)). These SP-

responsive sensory neurons (SPSNs) are silenced after mating (Häsemeyer et al. 2009; 

Yang et al. 2009). Two subsets of neurons postsynaptic to SPSNs have been identified: 

1) ascending neurons in the abdominal ganglion (SAGs) that further relay the 

information to the brain (Feng et al. 2014), and 2) the Tdc2/dsx neurons that innervate 

the female RT (Rezával et al. 2014; Yoshinari et al. 2020). Both SAGs and Tdc2/dsx are 

involved in the initiation of other postmating responses such as oogenesis, egg laying, 

and remating refractoriness (Rezával et al. 2014; Feng et al. 2014; Yoshinari et al. 2020). 

Females with ppk neuron-specific knockdown of Rim may have partially disrupted 

postmating responses that in turn may give rise to a lower P1. Consistent with this 

hypothesis, SPR and SPR × SP allelic interactions affect P1 (Chow et al. 2010; Smith et 

al. 2017). It is worth noting that the knockdown females we tested had other aspects of 
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the postmating response intact, including remating refractoriness and fertility, likely 

suggesting residual expression of Rim, other genes with redundant functions, or 

difference between RNAi knockdown and naturally occurring alleles. Future studies can 

directly activate or inhibit SPSN neuronal activity to assess its effect on P1.

The three other genes whose pan-neural knockdown affects P1, but whose 

knockdowns with Tdc2 or ppk neuron-specific drivers do not (btsz, hid, and Msp300) 

likely act through other neurons to affect P1. Another gene, Ddr, has neural expression 

and function (Larkin et al. 2021) and affects overall P1 with ubiquitous knockdown, but 

only weaker, temporal effect on P1 with pan-neuronal knockdown. Ddr might also 

show a stronger effect when knocked down in specific neurons. With multiple recent 

studies demonstrating various neurons’ roles on diverse aspects of female 

reproduction (e.g. abdominal ganglion dsx neurons, SAGs, Mip neurons, pC1 neurons, 

pCd neurons, ascending neurons in the ventral nerve cord (LSANs), oviposition 

descending neurons (oviDNs), oviposition inhibitory neurons (oviINs), oviposition 

excitatory neurons (oviENs), and DNp13 neurons; (Rezával et al. 2012; Feng et al. 2014; 

Zhou et al. 2014a; Jang et al. 2017; Shao et al. 2019; Wang et al. 2020a; b; Kerwin et 

al. 2020)), future research can ask if these remaining genes act through those neurons 

to influence P1.

Finally, we found that two genes (CG31872 and CG32834) also influenced P1 

(Chen et al. 2019), through their actions in non-neuronal tissues. Both genes have 

tissue-specific expression patterns in adult females: CG31872 is expressed in the 

female rectal pad and CG32834 is expressed at very high levels in the unmated and 

mated female spermathecae (Lawniczak and Begun 2004; Leader et al. 2018). 
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Interestingly, CG31872 is also expressed at high levels in the male accessory gland 

and encodes an Sfp (Findlay et al. 2008, 2009; Leader et al. 2018). Alleles of CG31872 

have been associated with a male’s ability to mate with a once-mated female and his 

paternity proportion as the second male (P2) (Reinhart et al. 2015), but its role in the 

female rectal pad remains unknown. 

A few studies have reported CG32834’s role in female reproduction (Lawniczak 

and Begun 2004; Prokupek et al. 2009; Sirot et al. 2014). CG32834 is a part of a three-

gene tandem duplication set (Sirot et al. 2014). Two of the paralogs (CG32834 and 

CG9897) retain spermathecae-specific expression, and the other paralog (CG32833) 

acquired male reproductive tract expression and encodes an Sfp (Sirot et al. 2014). 

Both female-expressed paralogs may regulate egg laying and receptivity in mated 

females (Sirot et al. 2014). CG32834 encodes a serine protease (Sirot et al. 2014). It 

may mediate proteolytic interactions between the female reproductive tract and 

ejaculate components, so its knockdown may alter signaling in the reproductive tract 

or negatively impact sperm survival in storage. CG32834 knockdown females have 

reduced P1 on days 2-8 after the second mating in comparison to controls (Chen et al. 

2019), consistent with diminished first-male sperm quality as they age in storage. 

Further experiments are required to ascertain the mechanisms by which CG32834 

affects P1. Proteomic analysis of control and CG32834 mutant or knockdown females 

can be used to compare 1) the spermathecae in unmated females to ask whether 

CG32834 is required for the processing of other spermathecal proteins (CG32834 is 

highly expressed in unmated female spermathecae and slightly downregulated after 

mating; (Lawniczak and Begun 2004; Leader et al. 2018)); and 2) proteins in the lower 
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female reproductive tract a few hours after mating to ask whether CG32834 is required 

for the processing of Sfps. Additionally, examination of sperm quality in aging females 

can suggest if CG32834 may promote sperm survival in storage.

To summarize, the work described in Chapter 2 expanded on previous studies 

on female genetic contribution to P1 (Chow et al. 2010, 2013; Sitnik et al. 2014; Smith 

et al. 2017) to report eight genes that affect P1. Our results invite future investigations 

to identify the tissues and neurons these genes might act through, and the 

corresponding physiological mechanisms that regulate P1. Recent advances in neuron 

manipulation technologies and the Drosophila central brain connectome can facilitate 

such endeavors (reviewed in (Venken et al. 2011), (Scheffer et al. 2020)).

Tdc2 neuronal activity suppresses P1 by promoting sperm usage bias towards 

second male sperm

Chapter 3 serves as a case study to illustrate one mechanism by which the 

female nervous system can mediate postcopulatory sexual selection, and to 

demonstrate the utility of similar study designs. We showed that Tdc2 and Tdc2/dsx 

neuronal activity do not contribute to early stages of sperm handling after the second 

mating, including sperm mixing, displacement, ejection, and entry into storage. This is 

consistent with the finding that Tdc2 mutant females have normal uterine conformation 

changes after mating, which promotes sperm storage (Adams and Wolfner 2007; Avila 

et al. 2012; Mattei et al. 2015). Inhibition of Tdc2, but not Tdc2/dsx, neuronal activity 

caused sperm retention regardless of sperm paternity. We also found that the P1 

difference between Tdc2>TNT or Tdc2/dsx>TNT females and their respective controls 
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was not likely to be caused by postzygotic differences in progeny survival, so a 

mechanism after sperm release and before egg laying is likely responsible for the P1 

effect of Tdc2 neural activity. When we examined how sperm were used in relation to 

progeny production, we found that control females exhibited strong usage bias toward 

second-male sperm, and such bias was suppressed when Tdc2 neuron activity was 

inhibited.

We propose that from an evolutionary perspective, the second male’s sperm 

may be preferable because D. melanogaster females are more selective of male quality 

after mating (Jennions and Petrie 2000; Kokko and Mappes 2005; Kohlmeier et al. 

2021). Future studies can test this hypothesis by providing a lower quality/compatibility 

second-male, and observing if control females bias usage toward first-male sperm and 

if this bias may be suppressed in Tdc2>TNT females. Heterospecific males represent a 

form of low compatibility male. In matings between D. simulans and D. mauritiana, a D. 

simulans female who has previously mated with a conspecific male has shorter 

copulation duration, eject the mating plug sooner, store less second-male sperm, and 

have lower P2 if the second male is heterospecific than if he is conspecific (Manier et 

al. 2013). However in D. melanogaster, females who have mated once with conspecific 

males are very unlikely to remate with a heterospecific D. simulans male, so we were 

unable to complete this experiment. Experiments on more closely related species 

pairs, such as those within the simulans complex, may be used to answer this 

question.

Our results on second-male sperm bias in control females also raises questions 

about the molecular mechanisms that regulate this phenomenon, and how Tdc2 
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neurons are involved. Based on the observation that Tdc2 neurons are activated and 

OA is released after mating (Middleton et al. 2006; Rodríguez-Valentín et al. 2006; 

Rubinstein and Wolfner 2013; Heifetz et al. 2014; Rezával et al. 2014; Meiselman et al. 

2018; Yoshinari et al. 2020), and that OA and TA are required for sperm release from 

storage organs (Avila et al. 2012), we propose two mechanisms by which Tdc2 neurons 

may influence second-male sperm usage bias. First, wildtype females undergo 

profound changes in their reproductive tract transcriptome, physiology, and anatomy 

(McGraw et al. 2004, 2008; Lawniczak and Begun 2004; Mack et al. 2006; Adams and 

Wolfner 2007; Kapelnikov et al. 2008; Innocenti and Morrow 2009; Prokupek et al. 

2009; Dalton et al. 2010; Gioti et al. 2012; Short and Lazzaro 2013; Zhou et al. 2014b; 

Mattei et al. 2015; Delbare et al. 2017; Fowler et al. 2019; Newell et al. 2020). Since 

Tdc2 neurons are critical to inducing postmating responses, inhibition of their activity 

may cause an incompletely transitioned state, and thereby disrupt some female × male 

interactions that lead to the failure to use second-male sperm in a biased manner. 

Future transcriptomic studies can investigate the extent to which perturbing Tdc2 (or 

Tdc2/dsx) neuronal activity impacts the specification of mating status at the gene 

expression level, and if a second mating may rescue any defect. The second proposed 

mechanism is that if Tdc2>TNT females’ sperm retention is reflected in the rate that 

each sperm is released, it would follow that fewer sperm are released at around the 

same time and are in direct competition with each other to fertilize the egg. This would 

relax some selection on the sperm’s intrinsic quality, and allow sperm to be used 

proportionately to their presence in the SR. Long-term live imaging technology may 

enable future studies to visualize the coordination between sperm release and 
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ovulation to test this hypothesis (Tao et al. 2017; Huang et al. 2018; Koyama et al. 

2020).

In conclusion, I present evidence in this thesis that the nervous system and 

spermathecae of doubly-mated D. melanogaster females mediates postcopulatory 

sexual selection and influences P1. These results can be considered in conjunction 

with other studies on female × male interactions on female postmating responses such 

as refractoriness and egg laying to better appreciate how evolutionary forces such as 

sexual selection and sexual conflict shapes reproductive traits. Future studies can also 

employ various male genotypes, such as males deficient of specific Sfps or sperm 

proteins, or males from diverse genetic backgrounds, to further explore their interaction 

with the female nervous system. 
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APPENDIX I 

Seminal Metalloprotease-14

Abstract

Seminal metalloprotease-1 (Semp1) is an astacin-family zinc metalloprotease in 

the seminal fluid of Drosophila melanogaster fruit flies. Secreted as an inactive 33 kDa 

form from the male accessory gland, Semp1 is activated by removal of a 3 kDa 

propeptide, which occurs via a two-step cleavage process—first by the serine protease 

Seminase and then possibly by auto-cleavage—while Semp1 moves through the male 

reproductive tract during ejaculation. Within the mated female, Semp1 is necessary for 

processing at least two seminal proteins: Ovulin and Acp36DE. Semp1 has orthologs in 

other Drosophila species, and shares sequence similarity to proteins in other taxa.


Name and History

	 Seminal metalloprotease-1 (semp1) was originally identified (as Drosophila 

melanogaster gene CG11864) in an expressed sequence tag (EST) screen (Swanson et 

al. 2001) for genes differentially expressed in the male accessory gland, the source of 

most seminal fluid proteins (Sfps) in this organism. It was later predicted to be an 

astacin-family metalloprotease using a comparative structural modeling approach 

(Mueller et al. 2004). A proteomic analysis of Sfps that are transferred to females during 

mating showed that Semp1 is, in fact, in seminal fluid (Findlay et al. 2008). In 2014, 

 This chapter is written by Sarah E. Allen*, Dawn S. Chen*, Snigdha Misra*, and Mariana F. 4

Wolfner (* denotes equal contribution, listed in alphabetical order of last name). It is a 
contribution to the Handbook of Proteolytic Enzymes, Fourth Edition, edited by Neil D. 
Rawlings and David Auld. 
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LaFlamme et al. renamed CG11864 to Semp1 based on its molecular function 

(LaFlamme et al. 2014). 


Activity and Specificity

	 Semp1 activity and specificity have thus far only been assessed in vivo, by 

genetic methods in conjunction with western blotting. Semp1 is produced in the male 

accessory gland. This 251-amino-acid protein is initially found as an inactive 33 kDa 

form (Ravi Ram et al. 2005; LaFlamme et al. 2014). After Semp1 is secreted (its 18-

amino-acid signal peptide removed in the process), the trypsin-like serine protease 

Seminase (CG10586) cleaves Semp1 at tryptic sites in Semp1’s propeptide region (R41 

and/or R43). Then, an activational cleavage of Semp1 at G45.I46 by Semp1 itself or by 

an unknown protease removes the propeptide and produces the 30 kDa active form of 

Semp1 (LaFlamme et al. 2014). These cleavage events occur while the proteins are in 

the male, en route to the female (Mueller et al. 2004; Ravi Ram et al. 2006). The mated 

female’s reproductive tract then provides the optimal environment for activated Semp1 

to cleave other seminal fluid proteins (LaFlamme et al. 2014). Two of its targets have 

been identified to date: the seminal proteins ovulin (Acp26Aa) and Acp36DE (Ravi Ram 

et al. 2006; LaFlamme et al. 2014). Uncleaved Semp1 (33 kDa form) is less active at 

processing both substrates in vitro than is the 30 kDa form (LaFlamme et al. 2014).


	 It is interesting to consider the roles that female factors (i.e. pH, ionic 

environment, cofactors, etc.) play in Semp1 activity. Although no female factors are 

strictly required for the two-step activational cleavage of Semp1, female factors are 

required for full and efficient proteolysis of its target proteins: female factors are 
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required for Acp36DE processing and to complete, but not to initiate, ovulin processing 

(LaFlamme et al. 2014).

Structural Chemistry

	 Semp1 is 251 amino acids long and only one isoform is currently known. It has a 

predicted signal peptide of 18 amino acids at its N-terminus (Mitchell et al. 2019). This 

is followed by a propeptide (amino acids 19-45 (LaFlamme et al. 2014)) that is removed 

by cleavages while Semp1 is in transit through the male reproductive tract, as noted 

earlier. Semp1’s inactive pro-form is 33 kDa and its active form is 30 kDa (Ravi Ram et 

al. 2006; LaFlamme et al. 2014). The 3 kDa difference corresponds to the predicted 

size of its propeptide that is removed through the sequential cleavages described 

above (Ravi Ram et al. 2006; LaFlamme et al. 2014).


	 The 30 kDa mature Semp1 has an astacin domain and no other recognizable 

domains. Threading of its amino acid sequence predicts that Semp1 is a member of 

the astacin family zinc metalloproteases (Mueller et al. 2004; LaFlamme and Wolfner 

2013). Specifically, structural modeling predicts that Semp1’s predicted active site 

residues are His-144, Glu-145, His-148, His-154, and Tyr-204 and that its structural 

model does not differ significantly from known metalloprotease structures (Mueller et 

al. 2004). 

Preparation

	 Semp1 has not yet been purified biochemically, or produced in vitro, but it is 

routinely visualized on western blots by the following procedure. Proteins are extracted 
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from males’ or mated females’ reproductive tracts by the following protocols (Ravi Ram 

and Wolfner 2009; LaFlamme et al. 2012, 2014). Male accessory glands or the lower 

reproductive tract of mated females are dissected in 5 μl of homogenization buffer (5% 

1M Tris (pH 6.8) and 2% 0.5M EDTA in distilled water), homogenized in 15 μl of SDS 

sample buffer (containing 10% 2-mercaptoethanol), and then boiled for 10 min. 

Samples (one pair of male accessory glands or four female reproductive tracts per 

lane) are then resolved on a 12% polyacrylamide SDS gel, which is then processed 

further for western blotting (Ravi Ram and Wolfner 2009). Affinity purified rabbit 

polyclonal antibodies against Semp1 (Ravi Ram et al. 2006) are used as primary 

antibodies at a concentration of 1:500, followed by HRP conjugated secondary goat 

anti-rabbit antibodies (Jackson Research; concentration of 1:2000) to visualize the 

Semp1 bands at 30 or 33 kDa. To study Semp1 cleavage, protein is obtained from 

dissected male reproductive tracts or from the ejaculate as described in (LaFlamme et 

al. 2014) and incubated in buffers (Buffer A: 50 mM Tris-HCl, pH 7.5, 1 mM MgCl2, 1 

mM CaCl2 (Huguenin et al. 2008) or Buffer B: 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 

2.5 mM CaCl2, 2 μM ZnCl2 (Serpe et al. 2005)). Both buffers have previously been 

used in in vitro cleavage assays with astacin-family metalloproteases. The incubated 

ejaculate samples are later homogenized in SDS sample buffer and processed for, and 

subjected to, western blotting as above.
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Biological Aspects

	 A protein component of the seminal fluid of D. melanogaster, Semp1 is involved 

in a proteolytic cascade within the mated female (LaFlamme et al. 2012, 2014) that 

processes other Sfps. Two of its targets are known: ovulin and Acp36DE. 


	 Ovulin, a prohormone that stimulates ovulation by the Drosophila mated female, 

is produced in the male’s accessory glands as a precursor of 36-37 kDa (Monsma et al. 

1990; Park and Wolfner 1995). Within the mated female’s reproductive tract, Semp1 

processes ovulin sequentially, into 33 kDa, 30 kDa and 25-28 kDa forms (Park and 

Wolfner 1995; Rubinstein and Wolfner 2013). Acp36DE, a glycoprotein produced in 

male accessory glands, is known to stimulate uterine contraction and sperm storage in 

mated Drosophila females (Avila and Wolfner 2009, 2017; Avila et al. 2011; LaFlamme 

et al. 2012). In the female, this 122 kDa Sfp is cleaved by Semp1 into products of 68 

kDa and 50 kDa (Neubaum and Wolfner 1999). This cleavage improves the ability of 

Acp36DE to stimulate sperm storage (Avila and Wolfner 2017). 


	 Semp1 is only present transiently in mated females: detectable 3 hr after its 

transfer during mating, but no longer detectable an hour later (Ravi Ram et al. 2005). 

During this time, Semp1 remains within the female’s reproductive tract. There, it is 

detected in the uterus, oviduct, and the sperm mass in the uterus, but not within the 

female’s sperm storage organs. This localization suggests that Semp1 processes its 

targets soon after their entry into the female, or near their sites of action (Ravi Ram et 

al. 2005); the timing of their processing (beginning during the 20-min mating (Park and 

Wolfner 1995; Avila and Wolfner 2009)) is consistent with this result (Monsma et al. 

1990; Neubaum and Wolfner 1999). Semp1 has been detected on the surface (chorion) 
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of eggs laid soon after mating (eggs whose chorion is removed before extraction do 

not contain detectable Semp1 (Ravi Ram et al. 2005)), but not on eggs laid later.


	 A naturally occurring null allele of semp1 (semp1517) has been reported and 

characterized (LaFlamme et al. 2014). Mates of semp1517 males show no processing of 

ovulin or Acp36DE processing but exhibit no overt fertility defects (LaFlamme et al. 

2014).

Distinguishing Features 

	 Semp1 is synthesized in Drosophila males’ accessory glands, and detectable by 

antibody-based methods in the accessory glands, in the reproductive ducts of mating 

males during mating, and in the reproductive tract of mated female Drosophila. It is 

distinguished from other proteases by a polyclonal antibody (Ravi Ram et al. 2006). 


Related Peptidases

	 Semp1 is among 67 known or predicted proteases in D. melanogaster seminal 

fluid, including the 10 predicted metalloproteases (the other nine are: CG2111, 

CG3097, CG6071, CG6168, CG9806, CG12374, CG31198, CG31445, and uninitiated 

(CG4008) (LaFlamme and Wolfner 2013; Wigby et al. 2020). It also has orthologs in 

several other Drosophila species, including D. simulans and D. suzukii (Thurmond et al. 

2019).


	 Furthermore, BLAST searches detect other proteins with at least some regions 

of similarity to Semp1 in D. melanogaster. The majority of these are predicted, but 

uncharacterized, metalloproteases. One characterized protein with some similarity to 
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Semp1 is tolkin, which is expressed in many structures, including the embryonic/larval 

brain, embryonic/larval gut, extended germ band embryo, gastrula embryo, and 

imaginal disc. It is involved in axon development, imaginal disc-derived wing vein 

morphogenesis, and positive regulation of transmembrane receptor protein serine/

threonine kinase signaling pathway (Thurmond et al. 2019). Semp1 also has some 

similarity to tolloid, which is expressed in many structures, including the ectoderm, 

ectoderm anlage, embryonic gnathal segment, extended germ band embryo, and 

imaginal disc. Tolloid is involved in amnioserosa formation, animal organ 

morphogenesis, and positive regulation of transmembrane receptor protein serine/

threonine kinase signaling pathway (Thurmond et al. 2019).


	 Domain analysis with HMMER returns 4,058 eukaryotic proteins with 

architectural matches to the astacin domain in D. melanogaster Semp1. Of these 

matches, 3,986 are found in the metazoan kingdom. The majority of these protein 

matches are in three phyla: Nematoda (1,579), Chordata (1,167), and Arthropoda 

(1,006) (Potter et al. 2018). Simple BLAST and reverse-BLAST searches do not detect a 

clear ortholog for Semp1 in mammals, but it has at least some regions of similarity to 

astacin-like metalloendopeptidase (oocyte astacin; human and mouse), bone 

morphogenetic protein 1 (chain A; human and mouse), N-benzoyl-L-tyrosyl-p-amino-

benzoic acid hydrolase alpha subunit (human), tolloid-like protein 1 (human and 

mouse), tolloid like 2 (human and mouse), hCG95918 (human), meprin A (human and 

mouse), PCI domain containing 2 (mouse), and mCG64442 (mouse) (Altschul et al. 

1990). Of these, meprin A (MEP1A) has, interestingly, been associated with prostate, as 

well as colorectal, cancer in people (Ito et al. 2014). However, MEP1A’s expression 
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pattern (small intestine, duodenum, colon, liver (Fagerberg et al. 2014)) suggests it is 

not an Sfp. Another member of this family with reproductive function is oocyte astacin, 

which has been implicated in sperm-egg fusion and prevention of polyspermy in mice 

(Sachdev et al. 2012; Burkart et al. 2012).

Further Reading

	 Semp1’s structure and function are reported in (Mueller et al. 2004; Ravi Ram et 

al. 2006; LaFlamme et al. 2014). The necessity of Semp1-mediated cleavage for 

Acp36DE function is reported in (Avila and Wolfner 2017). A general review of functions 

of Drosophila seminal fluid proteins, including Semp1, is (Avila et al. 2011). (LaFlamme 

and Wolfner 2013) reviews seminal proteases, including Semp1. 
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APPENDIX II 

Genetic variation in female control of mating plug ejection in Drosophila melanogaster5

Introduction

In internally fertilizing polyandrous species, female factors interact with male 

factors to mediate postcopulatory sexual selection. In Drosophila melanogaster, the 

physiological mechanisms of sperm storage and usage that give rise to differential 

paternity proportion in a multiple mating context are becoming better understood 

(Manier et al. 2010, 2013a; b; Lüpold et al. 2012, 2013). In particular, a few studies have 

found that mating plug ejection timing, the time it takes a doubly-mated female to eject 

the mating plug along with excess sperm after the second mating, influences the 

differential paternity proportion of the female’s mates (Manier et al. 2010, 2013b; 

Lüpold et al. 2013; Lee et al. 2015). 

In D. melanogaster, female and male molecules, including seminal fluid proteins 

(Sfps), coagulate to form a mating plug in the female reproductive tract a few minutes 

after the start of mating (Avila et al. 2015a). The mating plug functions to prevent 

females from remating and retain sperm in the female, promoting sperm storage (Lung 

and Wolfner 2001; Bretman et al. 2010; Avila et al. 2015a; b; Laturney and Billeter 

2016). The Sfp Acp36DE localizes in the anterior region of the mating plug and 

facilitates sperm storage and uterine conformation changes after mating (Bertram et al. 

1996; Bloch Qazi and Wolfner 2003; Avila and Wolfner 2017). Another Sfp, PEBme, is a 

 This is an ongoing project. Chen, D. S., Wolfner, M. F. and Clark, A. G. proposed and 5

designed the project. Matera-Vatnick, M., Craig, R. and Cabello, D. B. performed the 
experiments and collected the data. Chen, D. S., Matera-Vatnick, M., Craig, R. and Cabello, D. 
B. analyzed the data.
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major mating plug component and is responsible for the mating plug’s 

autofluorescence (Ludwig et al. 1991; Lung and Wolfner 2001; Avila et al. 2015a; b; 

Cohen and Wolfner 2018). Recently a mass spectrometry study was carried out to 

identify more components of the mating plug. Preliminary results suggest that female 

proteins are also found in the mating plug, suggesting that the formation and/or 

removal of the mating plug involves female × male molecular interactions (Caitlin 

McDonough-Goldstein, unpublished results). 

At the end of a female’s second mating, both males’ sperm are mostly stratified 

in the female’s bursa, with the first male’s sperm localized mainly in the sperm storage 

organs and the anterior regions of the bursa, and the second male’s sperm located 

more posteriorly. Both males’ sperm mix and displace first-male sperm from storage 

over the next 30-90 minutes (Manier et al. 2010; Lüpold et al. 2013). Females typically 

eject the mating plug approximately 3 hours after mating, but the timing varies based 

on female and male genotypes (Manier et al. 2010, 2013a; b; Lüpold et al. 2013; Lee et 

al. 2015). In general, expedited mating plug ejection, before first- and second-male 

sperm mix well, is associated with a higher proportion of first-male progeny (P1), and a 

delayed mating plug ejection is associated with lower P1 (Manier et al. 2010, 2013a; 

Lüpold et al. 2013). Further illustration of the mating plug’s function in sexual selection 

comes from other Drosophila species. In D. simulans, a female who has previously 

mated with a conspecific male ejects the mating plug sooner after a heterospecific 

second mating with a D. mauritiana male than after a conspecific second mating 

(Manier et al. 2013b). In cactophilic Drosophila species, heterospecific and inter-

population matings result in the formation of an insemination reaction mass in the 
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bursa, which prevents females from laying eggs and remating until it is removed 

(Markow and Clark 1984; Markow and Ankney 1988; Knowles and Markow 2001).

Despite the mating plug’s important functions in reproduction and sexual 

selection, the genetic and neuronal basis of how a female controls its timing of ejection 

remain largely unknown. Lee et al. identified roles for neurons that express the diuretic 

hormone 44 (Dh44) and those that express its receptor Dh44R1 in regulating mating 

plug ejection (Lee et al. 2015). Six neurons with high Dh44 expression are found in the 

brain: they have cell bodies in the pars intercerebralis (PI), send processes along the 

anterior midline, and aborize in the subesophageal zone (SEZ). Dh44R1 neurons’ 

innervations are found in the PI and the abdominal ganglion region of the ventral nerve 

cord, but not the SEZ or the female reproductive tract (Lee et al. 2015). Mating plug 

ejection is delayed when either neuron is activated, and inhibiting either neuron causes 

expedited ejection (Lee et al. 2015). However, it is unknown how this circuit 

communicates with other reproduction-related neural circuits (Middleton et al. 2006; 

Rodríguez-Valentín et al. 2006; Häsemeyer et al. 2009; Yang et al. 2009; Rezával et al. 

2012, 2014; Rubinstein and Wolfner 2013; Feng et al. 2014; Meiselman et al. 2018; 

Wang et al. 2020a; b), how it generates muscle contractions required to push out the 

mating plug (Middleton et al. 2006; Rodríguez-Valentín et al. 2006; Heifetz et al. 2014), 

or how it is coordinated with grooming behavior observed around the time of ejection 

(Lee et al. 2015).

Here, we leveraged natural genetic variation across the Drosophila genetic 

reference panel (DGRP) (Mackay et al. 2012; Huang et al. 2014) to identify more 

candidate genes in females that may contribute to the genetic basis of mating plug 
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ejection. As of December 2021, we have assayed mating plug ejection in 53 DGRP 

lines. We observed variation in mating plug ejection timing across female genotypes, 

ranging from a mean of 1 hr to 5 hrs. This phenotypic variation is associated with 

genetic variation in nine genes that are enriched for nervous system and/or female 

reproductive tract expression. Future efforts are directed at using GAL4/UAS-mediated 

RNAi or CRISPR/Cas9 to functionally validate each of these candidates. If knocking 

down/out any of these candidate genes affects a female’s mating plug ejection timing, 

we will ask if such manipulations also affect the paternity proportion in doubly-mated 

females. Our study will provide more information about the genetic and mechanistic 

basis of a behavior central to postcopulatory sexual selection.

Materials and methods

Fly stocks and husbandry

All fly stocks were maintained at room temperature and humidity on glucose-

yeast-agar food. Unmated females and males were collected within a few hours of 

eclosion and kept in single-sex vials of 10-15 flies until the start of the assay. All flies 

were 3-5 days old at the time of the assay. The fly stocks used were Canton S (CS) and 

DGRP lines 21, 28, 31, 57, 83, 93, 101, 142, 195, 208, 227, 239, 301, 303, 304, 306, 

307, 315, 320, 338, 340, 354, 357, 358, 360, 371, 375, 380, 382, 391, 502, 517, 559, 

589, 627, 707, 712, 730, 732, 738, 774, 783, 808, 820, 852, 859, 861, 879, 882, 892, 

894, 908, and 913 (Mackay et al. 2012; Huang et al. 2014).

178

https://paperpile.com/c/wlpxW3/h33u+DYVx


Mating plug ejection assay

	 Mating plug ejection assays were performed as outlined in chapter 3. Briefly, we 

mated females with CS males in pairwise matings and observed the matings. For each 

pair, we recorded the time when both flies were introduced into the same vial (tintro), 

copulation start time (tstart), and copulation end time (tend). Mating latency was calculated 

as tstart - tintro, and copulation duration was calculated as tend - tstart. Immediately after 

mating, females were transferred to custom-designed mating plug ejection chambers 

(Hopkins et al. 2019) that were then covered with a piece of coverslip and secured with 

tape on diagonal corners. Mating plug ejection chambers measure 34 mm × 33 mm × 9 

mm with a concave depression of 20 mm × 20 mm × 7 mm, and were 3D-printed with 

black PLA filament at MannUfactory at Cornell University. Because of the 

autofluorescence of a mating plug component protein PEBme (Ludwig et al. 1991; 

Lung and Wolfner 2001; Lee et al. 2015; Avila et al. 2015b; Cohen and Wolfner 2018), 

mating plugs are visible under a NightSea GFP flashlight. We scored mating plug 

ejection every 5-10 minutes by the presence of the autofluorescent mating plug in the 

chamber and its loss from the female’s ovipositor. The mating plug ejection time was 

calculated as teject - tend.


Genome-wide association study and data analysis

We utilized the GWAS tool available on the DGRP website for analysis (Mackay 

et al. 2012; Huang et al. 2014). All other analyses were performed in R version 4.1.1 

using the packages tidyverse version 1.3.1 (Wickham et al. 2019), chron version 2.3.56, 

and qqman version 0.1.8 (Turner). Gene annotations were obtained from Flybase 

(Larkin et al. 2021); expression data were obtained from FlyAtlas 2 (Leader et al. 2018).
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Results and Discussion

	 We found significant variation in latency to mating and mating plug ejection time, 

but not in mating duration, across DGRP female genotypes (Figure 4.1). We then 

performed a GWAS on mean ejection time and uncovered 10 polymorphisms that 

correlated with the phenotype with p<10-5 (Figure 4.2). The polymorphisms were evenly 

distributed across all chromosomes with the exception of chromosome 4. Three 

polymorphisms, 3R_14182646_SNP, 3R_14182650_DEL, and 3R_14182660_SNP were 

in linkage disequilibrium (LD) (Figure 4.3). Alternative alleles for most of the 

polymorphisms increased mating plug ejection time by around 30 minutes, with the 

exception of 3L_10846322_SNP, which reduced mating plug ejection time by 30 

minutes (Figure 4.4, Table 4.1). Most polymorphisms were intergenic or intronic, or 

encoded synonymous substitutions. This pattern was also observed in the GWAS to 

identify female candidate genes that affect differential paternity proportion (Chow et al. 

2013). These polymorphism locations might suggest that they exert their effects not by 

affecting the protein product but the spatiotemporal patterns or efficiency of gene 

expression.

	 Polymorphisms were found in or near 9 candidate genes (Table 4.1). Three 

polymorphisms in LD were all found in an intron of CG15803. Most genes have 

functions or expression in the nervous system and/or the female reproductive tract 

(Table 4.1) (Leader et al. 2018; Larkin et al. 2021). Of particular interest is CG18507. It is 

very highly expressed in the adult female head and both unmated and mated female 

spermathecae (Leader et al. 2018). Not much is known about its biological functions. 
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Figure 4.1 | Latency to mating (A) and mating plug ejection time (C) varies across 
female genotypes, and mating duration (B) is mostly stereotyped.  
Each dot represents data collected from one female. Error bars represent mean +/- 
SEM. Colors correspond to three researchers who collected the data. 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Figure 4.2 | Ten polymorphisms significantly correlate with mating plug ejection 
time.  
Manhattan plot of all polymorphisms along their chromosomal location plotted against 
the strength of their correlation with mating plug ejection time. Colors represent 
alternating chromosomes and chromosome arms. Blue line represents the p=10-5 
threshold and the red line represents the p=10-6 threshold.





Figure 4.3 | Polymorphisms are not in appreciable amount of linkage 
disequilibrium (LD), with the exception of an LD block on chromosome 3R.  
LD plot showing pairwise comparisons between the 10 polymorphisms associated with 
mating plug ejection time. Colors correspond to amount of LD. 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Figure 4.4 | Most alternative alleles increase mating plug ejection time.  
The mating plug ejection time of each DGRP line adjusted by Wolbachia status and 
segregating inversions (“adjusted ejection time”) stratified based on the allele status at 
each of 10 polymorphisms associated with mating plug ejection time. The IDs of each 
polymorphism are displayed above the plot. Reference alleles are shown in coral and 
alternative alleles are shown in turquoise; lines for which the allele information is not 
available are shown in gray. 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Table 4.1 | The 10 polymorphisms are found in or near 9 different genes enriched 
with nervous system and/or reproductive tract function or expression.  
Colors in the head to sp_m columns correspond to enrichment of gene expression in 
the respective tissues: green=between 0 and 1; yellow=between 1 and 3; 
orange=between 3 and 5; red=greater than 5. SingleEff=effect size of each 
polymorphism; tag=thoracicoabdominal ganglion (ventral nerve cord); sp_u=unmated 
female spermathecae; sp_m=mated female spermathecae; NA=RNA-seq data not 
available in Leader et al. 2018.


Future research on this project is directed at using RNAi or CRISPR/Cas9 to 

functionally validate each of these 9 candidates. The mating plug ejection times of 

knockdown/knockout versus control females will be compared and assessed for 

statistical significance. If ubiquitous knockdown is lethal or produces a significant 

difference, we can proceed by using tissue-specific knockdown in the nervous system 

(such as nSyb-GAL4 or elav-GAL4) or in the spermathecae (Send1-GAL4). If any of 

these gene manipulations affects mating plug ejection time, we can ask if they also 

influence differential paternity proportion in doubly-mated females. A positive result 

may suggest a physiological link between mating plug ejection and paternity proportion 

(Manier et al. 2010, 2013b; Lüpold et al. 2013), and a negative result may suggest that 
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other mechanisms are involved or that mating plug ejection time is dependent on the 

number of matings. In either case, this study will expand our understanding of mating 

plug ejection and its relationship to postcopulatory sexual selection. 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APPENDIX III 

FIJI/R sperm-counting script 
6

	 


	 FIJI (FIJI Is Just ImageJ) can be downloaded from https://imagej.net/software/

fiji/. FIJI is a distribution of ImageJ with some useful plugins for biologists.


	 The first part of the procedure uses FIJI to identify particles (individual or clumps 

of sperm heads) in microscope images, quantify the area of each particle, and output a 

csv file with the area of each particle corresponding to the microscope image. If your 

images contain structures that should not be counted (e.g. air bubbles, reflective 

specks, spermathecae if you want to count sperm in the seminal receptacle), you can 

use FIJI or other softwares to crop out these areas before inputting them into the 

sperm quantification script. This script is written to batch process images; if you prefer 

to use the FIJI GUI and process each image separately, you will not need to write a 

plugin, but please feel free to use the steps outlined below as reference.

1. To start a new macro script in FIJI, go to “Plugins” > “New” > “Macro”.


2. Define a function that opens input files (microscopy images) in an input directory 

and saves output files [csv files with particle (i.e. sperm) areas] in an output 

directory.


 This appendix contains documentation for a custom FIJI/R script I wrote to quantify stored 6

sperm in the female reproductive tract in Chapter 3. Females of different genotypes were 
mated first to ProtB-GFP males and then to ProtB-RFP males 1.5-2 days later. Doubly-mated 
females were then flash-frozen at timepoints ranging from 1 hr to 10 days after the second 
mating. The females’ lower reproductive tracts were dissected and imaged on the Revolve 
microscope in FITC and TxRED channels to visualize ProtB-GFP and ProtB-RFP sperm heads, 
respectively. The scripts work best on images of ProtB-GFP sperm stored in the seminal 
receptacle. The scripts are available on the Wolfner lab storage drive, but codes are also 
pasted below for reference.
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3. Open a file in the input directory.


4. Get the input file’s name and stem (with and without extension, respectively).


5. Select the FIJI window with the image as the active window, then convert the 

image to 8-bit, and threshold the image using “MaxEntropy” to convert the 8-bit 

image into a black and white image. (Please note that because everyone’s 

images can look a bit different, it is recommended that you try different 

thresholding algorithms and values in the GUI to find a combination that works 

best for your images and use that combination for the script. MaxEntropy works 

best for my images so I included it in this documentation.)

6. Use “Analyze Particles” to find particles in the image. For the resolution of my 

images, areas of 30-3000 best can most accurately identify individual and 

clumps of sperm heads, while ignoring large areas of noise in some images. 

(Please note that similar to the thresholding step, it is also recommended that 

you try different areas in the GUI to find the values that work best for your 

images. FIJI should display a table after analyzing the particles. If there are 

measurements other than “Area”, you can right click the column headers to 

uncheck everything except  

“Area”.)

7. Save the table as a csv file in the output directory, then close the image and the 

table. This concludes the function.


8. Specify the input and output directories. You might need to create an empty 

directory corresponding to the output directory.
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9. In a for loop outside the defined function, open each file in the directory, run the 

function, and save the output csv file in the output directory.

	 The second part of the procedure uses R to convert the csv file with the areas of 

each particle to the number of total sperm. If you are comfortable with Java you can do 

these steps in the same script as the previous step.

10. Load the packages “OneR” and “dplyr”.

11. Locate the csv files outputted from FIJI, use lapply to open each file then execute 

a few steps on each file.

12. We will bin the particles by area (like a histogram), and use the number of bins 

and the number of particles in each bin to calculate the total number of sperm in 

that csv file (corresponding to the original image). To calculate the number of bins 

to use, divide the area of the largest particle in a csv file by the median area.

13. Bin the particles by area and convert the result to a dataframe to facilitate some 

calculations in the next step.

14. Multiply each bin size by the number of particles in the bin to get the number of 

sperm in the bin. Save the dataframe to a new variable. E.g. if a bin size 

corresponds to 3 sperm in a particle, and there are 12 particles that fall into that 

bin, that bin has 36 sperm.

15. Sum up the sperm number in all bins to get the total number of sperm. 

16. Save the total sperm count of each file into a list, then convert the list to a 

dataframe for downstream analysis.
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Altogether, the FIJI script looks like

function SpermArea(inpath, outpath, filename) { 
 open(inpath + filename); 
 title = getTitle(); 
 titleCore = split(title, "//."); 
 selectWindow(title); 
 run("8-bit"); 
 setAutoThreshold("MaxEntropy dark no-reset"); 
 run("Analyze Particles...", "size=30-3000 display");Â  
 saveAs("Results", outpath + titleCore[0] + "_results.csv"); 
 close(); 
 close("Results"); 
} 

inpath = "[...]/FijiSpermCounter/SR_TXR_test/"; 
outpath = "[...]/FijiSpermCounter/SR_TXR_results/"; 

setBatchMode(true); 
list = getFileList(inpath); 
for (i = 0; i < list.length; i++) 
 SpermArea(inpath, outpath, list[i]); 
setBatchMode(false); 

The R script looks like (some comments are included)


```{r} 
library(OneR) 
library(dplyr) 

#locate csv files 
files <- list.files(path = “[...]/FijiSpermCounter/SR_FITC_results", 
pattern = "*_results.csv", full.names = TRUE) 

#calculate total sperm count in each csv file 
lapply(files, function(x) { 
 res <- read.csv(x) 
 numbin <- round(max(res$Area) / median(res$Area)) #number of bins 
 bin(res$Area, nbins=numbin, labels = seq(1,numbin)) %>% #bin counts 
into specified number of bins 
 table() %>% 
 as.data.frame() %>% 
 mutate(spermNum = as.numeric(.), 
   count = as.numeric(Freq), 
   count.adj = spermNum * count) %>% #weighted count for each 
bin 
   select(spermNum:count.adj) -> distribution 
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 total = sum(distribution$count.adj) #sum up all weighted counts to 
get total count 
 c(strsplit(last(strsplit(x, "/")[[1]]),"_")[[1]][1], total) #splits 
filename to yield only female randID 
}) -> count.list #store results in list 

#convert list to df 
unlist(count.list) %>% 
 matrix(., nrow=length(count.list), byrow=T) %>% 
 data.frame() -> count.df 
``` 
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